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Water  plays  an  important  role  in  all  our  day  to  day  activities  and  its  consumption  is  increasing  day  by 
day  because  of  increased  living  standards  of  mankind.  Some  regions  of  the  globe  are  under  severe  stress 
due  to  water  scarcity  and  pollution.  The  fresh  water  needs  of  mankind  can  be  only  satisfied  if  saline 
water  which  is  available  in  plenty  is  converted  to  potable  water  by  desalination.  Desalination  industry 
has  shown  increased  threats  of  C02  emissions  and  severe  environmental  impacts.  Desalination  industry 
can  be  made  sustainable  if  they  are  integrated  with  renewable  energy  and  if  proper  brine  disposal 
methods  are  followed.  In  this  review  different  desalination  units  integrated  with  renewable  energy  with 
special  emphasis  given  to  solar  energy  is  discussed.  The  problems  associated  with  desalination  units  and 
their  remedies  have  been  presented.  Apart  from  this  some  novel  methods  of  desalination  process  has 
also  been  explained.  This  review  will  allow  the  researchers  to  choose  appropriate  desalination 
technology  for  further  development. 
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1.  Introduction 

Fresh  water  demands  are  increasing  day  by  day  because  of 
industrialization,  motorization  and  increased  life  standards  of 
mankind.  Naturally  available  fresh  water  reserves  are  not  capable 
of  meeting  the  fresh  water  demands  because  of  their  less  avail¬ 
ability  [1],  It  has  been  estimated  by  United  Nations  Organization 
that  by  2025,  nearly  1800  million  people  around  the  globe  will  be 
under  severe  water  scarcity  [2],  This  situation  can  be  tackled  only 
if  mankind  finds  some  other  ways  to  produce  fresh  water.  Luckily, 
desalination  technology  developed  long  back  resembling  natural 
hydrological  cycle  has  the  capacity  to  tackle  this  problem  but  it 
consumes  more  energy  and  also  has  some  negative  impacts  on 
environment. 

Desalination  is  widely  adopted  in  Middle  east,  Arab  countries, 
North  America,  Asia,  Europe,  Africa,  Central  America,  South  Amer¬ 
ica  and  Australia  to  meet  their  fresh  water  and  process  water 
demands  [3],  Nearly  10,000  tons  of  oil  is  required  every  year  to 
produce  1000  m3/d  of  desalinated  water  [4],  The  brine  discharged 
from  desalination  plants  has  posed  severe  threats  to  marine 
aquatic  life  [5],  The  most  common  desalination  plants  are  multi¬ 
stage  flash  (MSF),  multi-effect  distillation  (MED),  vapor  compres¬ 
sion  (VC),  reverse  osmosis  (RO)  and  electro-dialysis  (ED)  [6], 
Conventional  desalination  plants  operated  by  fossil  fuel  has  also 
contributed  to  green  house  gas  (GHG)  emissions.  This  has  forced 
researchers  to  look  for  alternate  way  of  powering  desalination 
units  by  renewable  energy  [7]. 

Renewable  energy  commonly  considered  for  desalination  are 
solar,  wind  and  geothermal  and  among  these  solar  energy  occu¬ 
pies  nearly  57%  of  renewable  energy  based  desalination  market 
[8j.  Fossil  fuel  rich  countries  like  Middle  East  and  Arab  Nations 
have  turned  their  attention  towards  solar  energy  with  the  aim  to 
provide  desalinated  water  in  an  sustainable  way  [9],  Renewable 
energy  based  desalination  units  are  highly  suitable  for  arid,  semi- 
arid  and  remote  regions  where  no  other  mode  of  power  supply  is 
possible  [10],  Most  of  the  desalination  systems  require  thermal 
and/or  electrical  input  that  can  be  provided  by  Solar  energy  and 
hence  much  focus  has  been  given  to  solar  based  systems.  The  solar 
thermal  collectors  are  very  well  developed  [11  ]  and  now  attention 
has  been  paid  towards  solar  PV  cells  to  reduce  its  cost  and  increase 
its  efficiency  there  by  considerable  reduction  in  water  production 
cost  could  be  achieved.  The  classification  of  solar  desalination 
systems  is  shown  in  Fig.  1. 

In  this  paper  different  types  of  solar  energy  operated  desalina¬ 
tion  units;  their  operating  principle;  advantages  and  limitations 
has  been  extensively  reviewed.  Novel  desalination  methods  like 
natural  vacuum  desalination,  forward  osmosis  (FO),  freezing  and 
adsorption  desalination  has  been  discussed,  the  problems  with 
desalination  units  and  steps  to  overcome  has  been  identified  from 
literature  and  has  been  presented  briefly. 


2.  Direct  desalination  systems 

2.1.  Solar  still 

Solar  still  consists  of  a  blackened  basin  filled  with  brackish  or 
saline  water  up  to  a  certain  depth  and  covered  by  an  inclined  glass 
to  facilitate  transmission  of  solar  radiation  and  condensation.  The 
solar  radiation  entering  the  basin  heats  up  the  blackened  liner 


which  in  turn  heats  up  the  water  causing  evaporation,  because  of 
partial  pressure  difference  and  temperature  difference  the  water 
vapor  gets  condensed  along  the  inclined  glass  cover  and  it  is 
collected  by  suitable  provision  at  the  bottom.  The  condensate 
obtained  will  be  of  high  quality  and  low  quantity  in  the  range  of  2- 
3  l/m2/d  [12],  The  condensate  yield  of  solar  still  has  been  increased 
by  coupling  solar  stills  with  flat  plate  collector  [13],  evacuated  tube 
collector  [14],  concentrating  dish  type  collector  [15],  solar  ponds 
[16],  wind  turbine  [17],  booster  mirrors  [18]  and  air  conditioning 
unit  [19],  Addition  of  phase  change  material  (PCM)  and  re-use  of 
latent  heat  of  condensation  by  using  multiple  effects  has  also 
resulted  in  increased  condensate  yield  [20].  Coating  the  basin  liner 
with  photo  catalyst  like  CuO,  Pb02  and  Mn02  and  incorporation  of 
heat  generating  media  like  bromine  and  iodine  containers  has 
shown  reasonable  increase  in  yield  [21,22],  Condensing  cover 
material  and  its  inclination,  water  depth  and  absorber  coating 
also  has  significant  effect  on  distillate  yield  [23-26],  The  better 
yield  was  found  to  be  obtained  by  using  glass  cover  as  condensing 
surface  at  an  inclination  equal  to  the  latitude  of  the  location  for 
minimum  water  depth  [27],  Single  slope  and  pyramid  shaped  solar 
still  are  found  to  give  best  average  and  maximum  daily  distillate 
yield  at  a  water  production  cost  of  0.0135  and  0.031  USD/1  [28], 
The  working  principle  of  wick  type  solar  still,  inverted  absorber 
solar  still  and  solar  still  integrated  with  compound  parabolic 
concentrator  (CPC)  can  be  found  in  [29,30],  The  schematic  repre¬ 
sentation  of  simple  solar  still  is  shown  in  Fig.  2. 

The  distillate  yield  from  the  basin  type  solar  still  is  given  [31  ] 
by 


md  = 


Qcw  ^  Aw 

tyg 


(1) 


Qew  —  ^ lew  x  (Tw  —  Tg) 


(2) 


hew  =  16.273  x  10~3  x  hew  x  (3) 

\lw  —  lg/ 

The  convective  heat  transfer  coefficient  is  given  by  Dunkle's 
relation  as 


hcw  =  0.884  x 


(Pw-Pg){Tw-Tg) 

268.9  x  1 03  —  pw 


(4) 


The  effect  of  solar  radiation,  brine  depth,  cover  tilt  angle  and  dyes 
on  distillate  yield  of  basin  type  solar  still  has  been  given  in  the 
form  of  correlation  in  [32]. 


2.2.  Solar  humidification-dehumidification-desalination 

The  main  idea  behind  the  solar  humidification-dehumidifica- 
tion  process  is  that  the  moisture  carrying  capacity  of  the  air 
increases  with  the  increase  in  temperature.  When  hot  air  heated 
by  solar  collector  circulated  in  natural  or  forced  mode  comes  in 
contact  with  saline  water  which  is  sprayed  in  the  evaporator,  a 
certain  quantity  of  vapor  is  extracted  by  the  air  which  could  be 
recovered  by  condenser  where  saline  feed  water  is  pre-heated 
[33],  The  four  types  of  humidification-dehumidification  desalina¬ 
tion  configurations  are  closed  air,  open  water  cycle;  closed  air, 
closed  water  cycle;  open  air,  open  water  cycle  and  open  air,  closed 
water  cycle 
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Nomenclature 

md  distillate  output  (kg/s) 

qew  rate  of  evaporative  heat  transfer  (W/m2) 

Tw  water  temperature  (K) 

Tg  glass  temperature  (K) 

hew  evaporative  heat  transfer  coefficient  (W/m2  K) 
hcw  convective  heat  transfer  coefficient  (W/m2  I<) 

pw  partial  saturated  vapor  pressure  at  water  temperature 
(N/m2) 

pg  partial  saturated  vapor  pressure  at  glass  temperature 

(N/m2) 

G  mass  flow  rate  of  dry  air  (kg/s) 

Wia  absolute  humidity  of  inlet  airstream  to  the  condenser 
(kg  H20/kg  dry  air) 

Woa  absolute  humidity  of  outlet  airstream  to  the  conden¬ 
ser  (kg  H20/kg  dry  air) 
hfg  latent  heat  of  evaporation  (J/kg) 

Cp  specific  heat  capacity  of  water  (J/kg  K) 

Tin  temperature  of  water  at  the  top  of  evaporator 
tower  (l<) 

T0U[  temperature  of  water  at  the  bottom  of  evaporator 
tower  (K) 

mh  mass  flow  rate  of  water  in  evaporator  (kg/s) 

Qjn  heat  input  to  evaporator  (W) 

Wc  compressor  power  (W) 

r/th  thermal  efficiency  (%) 

h  height  of  water  column  (cm) 

ma  air  flow  rate  (kg/s) 

Pout  electrical  power  output  of  solar  chimney  (W) 
r/coll  collector  efficiency  (%) 

g  acceleration  due  to  gravity  (m/s2) 

Cpa  specific  heat  capacity  of  air  (J/kg  K) 

Ta  ambient  temperature  (K) 

Hch  chimney  height  (m) 

Acou  collector  area  (m2) 

/  solar  radiation  (W/m2) 

Dcou  diameter  of  collector  (m) 

Dxu  diameter  of  storage  unit  (m) 

Pe  total  power  output  (W) 

Peai  power  output  from  air  turbine  (W) 

Pe.wa  power  output  from  water  generator  (W) 
rjc  total  conversion  efficiency  (%) 

rif  factor  of  pressure  drop  at  the  turbine 

rjt  turbine  efficiency  (%) 

Ach  area  of  chimney  (m2) 

u  velocity  in  vertical  direction  (m/s) 

A p  total  pressure  difference  in  the  chimney  (Pa) 

r]ma  efficiency  of  water  generator  (%) 

Amw  mass  flow  rate  of  water  vapor  condensed  to  water  in 
high-efficiency  condenser  (kg/s) 
trij  feed  water  flow  rate  (kg/s) 

mb  brine  flow  rate  (kg/s) 

T0  top  brine  temperature  (°C) 

T„  brine  temperature  at  ‘n’  stage  (°C) 

1 1  temperature  of  feed  water  entering  the  brine  heater 

(°C) 

t2  temperature  of  feed  water  leaving  the  first  stage  (°C) 

Xf  salinity  of  feed  (ppm) 

Xb  salinity  of  brine  (ppm) 

AT  temperature  drop  in  stage 

n  number  of  stages 

i  stage  number 


Ab  brine  heater  surface  area  (m2) 

Ub  overall  heat  transfer  coefficient  of  brine  heater 
(W/m2  K) 

(LMTD)6  log  mean  temperature  difference  in  brine  heater 
Uc  overall  heat  transfer  coefficient  of  condenser 

(W/m2  K) 

(LMTD)C  log  mean  temperature  difference  in  condenser 
77  power  required  by  MVC/freeze  desalination 

compressor  (kW) 

mv  mass  flow  rate  of  vapor  to  compressor  (kg/h) 
r/co  compressor  efficiency  (%) 

Mwt  molecular  weight  of  water  (kg/kg  mol) 

Y  heat  capacity  ratio 

?!  vapor  pressure  at  compressor  suction  point  (kPa) 

P2  vapor  pressure  at  compressor  exit  (kPa) 

TJ  water  vapor  temperature  at  compressor  inlet  (°C) 

T2  water  vapor  temperature  at  compressor  outlet  (°C) 

R  universal  gas  constant  (kj/kg  mol  K) 

Q.1  volumetric  flow  rate  of  vapor  (m3/s) 

Pwc  fresh  water  productivity  of  freeze  desalination 
unit  (kg) 

e  bed  porosity 

pice  density  of  ice  (kg/m3) 

pi  density  of  liquid  (kg/m3) 

B„  bed  permeability 

Pt  dynamic  viscosity  of  liquid  (N  s/m2) 

W  wind  function 

U  wind  velocity  (m/s) 

£„  rate  of  evaporation  (kg/s) 

Ps  vapor  pressure  at  temperature  equal  to  that  of  water 

surface  (Pa) 

Pa  vapor  pressure  at  temperature  equal  to  air  above 

water  surface  (Pa) 
msg  mass  of  silica  gel  (kg) 

mWater  mass  of  fresh  water  generated  (kg) 

X,  fraction  of  amount  adsorbate  adsorbed  by  the  adsor¬ 

bent  at  equilibrium  condition  in  different  location  of 
adsorption  cycle  (kg/kg  dry  adsorbent),  i=  1,  2,  3,  4 
Ti  temperature  at  different  locations  of  adsorption  cycle 

(K),  i=l,  2,  3,  4 

Csg  specific  heat  capacity  of  silica  gel  (J/kg  I<) 
hfg j  specific  enthalpy  of  phase  change  at  condenser 

pressure  (J/kg) 

hfg2  specific  enthalpy  of  phase  change  at  evaporator 

pressure  (J/kg) 

Qheating(bed)  heat  supplied  to  the  bed  (J) 

Qcooiing(bed)  heat  removed  from  the  bed  (J) 

Qcooiing(cond)  heat  removed  from  condenser  (J) 

Qevap  cooling  effect  in  evaporator  (J) 

Qdes  heat  of  desorption  (J/kg) 

Qabs  heat  of  adsorption  (J/kg) 

Na  mass  flux  of  RO  unit  (1/m2) 

L  permeability  coefficient  of  RO  membrane 

A P  transmembrane  pressure  difference 

Aji  osmotic  pressure  difference  between  the  feed  and 
product 

n  osmotic  pressure  (Pa) 

C  ion  concentration  (molar  units) 

T  operating  temperature  of  RO/MD  unit  (K) 

D  water  diffusivity  (m2/s) 

S  water  solubility 

V  water  partial  molar  volume  (m3/mol) 

/  RO  membrane  thickness  (m) 
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Rw 

recovery  in  RO  unit 

r 

pore  radius  (m) 

Qp 

permeate  volumetric  flow  rate  (m3/s) 

P 

dynamic  viscosity  of  water  vapor  (N  s/m2) 

Q r 

feed  volumetric  flow  rate  (m3/s) 

P* 

partial  pressure  of  water  (Pa) 

Q 

product  flow  rate  (m3/s) 

Pavg 

average  pressure  in  pore  (Pa) 

n 

current  efficiency  (%) 

eT 

thermal  efficiency  of  MD  unit  (%) 

Ic 

current  (A) 

A 

membrane  area  (m2) 

CP 

number  of  cell  pairs 

Qm 

heat  transfer  in  the  feed  channel  (W) 

F 

Faraday's  constant 

£e 

energy  efficiency  of  MD  unit  (%) 

AN 

change  in  normality  between  feed  and  product 

Pin 

global  energy  input  (W) 

SR 

salt  removal  (%) 

A TMD  mod  ute  axial  temperature  drop  along  membrane  module 

Cf 

concentration  of  feed  (mol/m3) 

ATmd 

temperature  difference  across  the  membrane 

cP 

concentration  of  product  (mol/m3) 

atH£ 

temperature  difference  across  the  heat  exchanger 

e 

membrane  porosity 

< td 

reflection  coefficient  of  draw  solution 

Pm 

density  of  membrane  (kg/m3) 

JId 

osmotic  pressure  of  draw  solution  (Pa) 

Ppol 

density  of  polymer  material  (kg/m3) 

aF 

reflection  coefficient  of  feed  solution 

T 

tortuosity 

nF 

osmotic  pressure  of  feed  solution  (Pa) 

Jw 

mass  flux  in  MD/FO  units  (1/s) 

SWR 

swelling  ratio 

D 

diffusion  coefficient  (m2/s) 

Ws 

weight  of  swollen  polymer  hydrogel  (g) 

P 

total  pressure  in  pore  (Pa) 

Wd 

weight  of  dry  polymer  hydrogel  (g) 

Pair 

air  pressure  within  membrane  pore  (Pa) 

F 

water  flux  (l/m2h) 

Mw 

molecular  weight  of  water  vapor  (kg/kg  mol) 

V 

volume  of  water  permeated  through  the  membrane  (1) 

S 

MD  membrane  thickness  (m) 

t 

time  (h) 

In  closed  water  cycle,  the  brine  discharged  from  the  evaporator 
would  be  mixed  with  the  feed  water  while  in  case  of  open  water 
cycle  the  brine  would  be  discharged  in  every  stage  of  operation. 
The  schematic  representation  of  the  closed  air  system  and  open  air 
system  is  shown  in  Fig.  3.  The  components  used  in  solar  humidi- 
fication-dehumidification  process  solar  air  heaters,  humidifier  and 
dehumidifier  were  extensively  reviewed  in  [34].  Closed  air  open 
water,  water  heated  type  humidification-dehumidification-desa- 
lination  is  more  effective  and  the  cost  of  water  produced  by  this 
unit  is  about  3-7  USD/m3  [34],  There  always  exists  an  optimum 
mass  flow  rate  ratio  of  water  to  dry  air  for  maximum  thermal 
energy  recovery  rate  for  a  given  spray  water  temperature  and 
condenser  water  temperature  and  the  thermal  energy  recovery 
rate  could  be  increased  by  increasing  the  number  of  stages  [35,36], 
The  fresh  water  production  rate  of  humidification-dehumidifica¬ 
tion  unit  depends  mainly  on  mass  flow  rate  and  temperature  of 
feed  water,  inlet  air  and  incident  heat  flux  and  it  could  be 
increased  by  pre-heating  both  air  and  water  [37,38],  Recycling  of 
discarded  brine  could  reduce  the  specific  thermal  energy  con¬ 
sumption  and  increase  the  fresh  water  production  [39].The  exergy 
efficiency  of  humidification-dehumidification  process  is  low 
because  of  lower  exergy  efficiency  of  solar  collectors  and  loss  of 
exergy  through  discarded  brine  [40],  Economic  analysis  of  the 
system  showed  that  the  system  would  be  more  suitable  and 
competitive  when  operated  in  smaller  capacity  range  [41  ].  Differ¬ 
ent  configurations  of  solar  humidification-dehumidification  plants 
have  been  tried  by  lot  researchers  their  salient  features,  visible 
outcomes,  distillate  yield  and  water  production  cost  is  shown  in 
Table  1. 

The  distillate  yield  of  the  humidification-dehumidification  unit 
is  given  by  [62] 


md  =  Gx(Wia-W0a)  (5) 

Gained  output  ratio  (GOR)  is  defined  as  the  ratio  of  total  latent 
heat  of  evaporation  of  the  distillate  to  the  thermal  energy  input.  It 
can  be  mathematically  expressed  as  [63] 


GOR  = 


md  x  hfg 


mhxCpx  ( Tin-Tout ) 


(6) 


Desalination  of  sea  water  by  passing  compressed  air  bubbles 
through  heated  sea  water  was  studied  by  El-Agouz  and  Abugderah 
[64],  The  distillate  yield  of  the  unit  depends  on  the  temperature  of 
the  water  and  mass  flow  rate  of  air.  The  average  production  cost  of 
distillate  was  0.095  USD/m3.  The  high  cost  is  due  to  the  cost 
associated  with  the  use  of  compressor  [65], 

The  thermal  efficiency  of  the  desalination  unit  is  given  by  [66] 


md  x  hr„ 

=  — - ^  x  100  (7) 

Qi„  +  Wc 

The  distillate  yield  is  given  by  the  following  correlation  [66]: 

1.597  x  10-7(Tw)3971  x  (0.127  +  2352  x  lCT7h)  x  (0.87231 -0.02473  x  m„) 

m“  = - “ - 60 - 

(8) 

valid  for  50  <  Tw  <  87  °C;  20  <  h  <  60  cm;  4.2  <  ma  <  14  kg/h. 


>hh 


2.3.  Solar  chimney 

Solar  chimney  converts  solar  thermal  energy  into  kinetic 
energy  which  in  turn  is  converted  into  electrical  energy  using 
turbo-generator.  The  main  components  of  solar  chimney  are  large 
diameter  solar  collectors,  turbine,  generator  and  long  chimney. 
Collectors  used  are  mainly  glass  or  plastic  sheet  which  act  as 
greenhouse,  trapping  heat  and  causes  the  earth  below  the  collec¬ 
tor  to  get  warmed  up  resulting  in  temperature  difference  between 
the  ambient  air  and  the  air  inside  the  system  causing  heated  air  to 
flow  through  the  chimney.  The  kinetic  energy  of  the  moving  air 
causes  rotation  of  turbine  mounted  below  the  chimney  to  produce 
power  [67],  Compared  to  conventional  solar  chimney  power  plant, 
sloped  solar  chimney  power  plants  are  more  efficient  and  can  give 
smoother  power  output  [68], 

The  power  output  of  the  conventional  solar  chimney  power 
plant  [67]  is  given  by 

2  g 

Pout  =  o  x  x  r/con  x  T - —  x  Hch  x  Aco„  x  1  (9) 

3  *~pa  x 

Integration  of  desalination  system  with  solar  chimney  power 
plants  has  been  studied  by  Zuo  et  al.  [69]  using  mathematical 
models.  The  integrated  system  consists  of  rock  bed  energy 
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Fig.  1.  Classification  of  solar  desalination  systems  [6], 


Fig.  2.  Simple  solar  still  [31], 


storage  unit  and  annular  type  blackened  basin  containing  saline 
water  covered  with  inclined  glass  cover  placed  below  the  solar 
chimney  collector  cover.  Solar  radiation  heats  up  the  water  and 
air,  causing  evaporation  of  water  to  produce  distillate  and 
movement  of  air  through  chimney  to  produce  power.  If  the 
plant  is  operated  for  8  h  a  day,  the  cost  of  water  production 
would  be  2.23  USD/m3  which  is  lower  than  the  cost  of  water 
produced  by  any  other  systems.  The  variation  of  temperature  at 
different  layers,  power  output  and  water  output  of  similar  kind 
of  small  scale  unit  is  given  in  [70].  The  schematic  representation 
of  the  system  is  shown  in  Fig.  4a. 


The  daily  utilization  efficiency  of  solar  energy  of  the  integrated 
system  [69]  is  given  by 


'?  = 


(1/4)*  x  (D2coIi-D2xi 


X  Qew^-Pout 


0/4)71  X  (D2coll-D2ch)  xl 
The  hourly  distillate  yield  is  given  by  [69] 


(10) 


•  <7ew  x  3600 

md  =  ^-u - 

nfg 


(ID 
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Fig.  3.  Solar  humidification-dehumidification  desalination  system  [33], 


Solar  chimney  system  for  power  generation  and  sea  water 
desalination  proposed  by  Zhou  et  al.  [71  ]  consists  of  solar  collector, 
solar  chimney,  turbine,  generator  and  high  efficiency  condenser. 
The  entire  system  was  constructed  above  the  saline  water  basin 
which  acts  as  an  absorber  bed.  In  this  system  humid  air  moves 
through  the  chimney  resulting  in  reduced  power  output  due  to  the 
decrease  in  driving  force  of  air  because  of  the  presence  of  moisture 
in  it.  The  system  was  found  to  be  economical  when  compared  to 
classical  solar  chimney  if  the  chimney  height  and  solar  collector 
diameter  was  445  m  and  6000  m  respectively.  The  schematic 
representation  of  the  system  is  shown  in  Fig.  4b. 

The  total  conversion  efficiency  of  the  system  is  given  by  [71] 


Pe 

Vc  Aco,,xI 

(12) 

Pe  =  P  e,ai  P  e,wa 

(13) 

Pe  ai  =  rjc  x  rif  x  Ach  x  u  x  A p 

(14) 

P e.wa  —  ?lwa  x  Amw  X  £  x  Hc/, 

(15) 

The  advantages  and  limitations  of  various  direct  solar  desalination 
systems  are  shown  in  Table  2. 


3.  Indirect  desalination  systems 

3.1.  Non-membrane  processes 

In  non-membrane  desalination  process,  the  heated  feed  water 
is  allowed  to  evaporate  in  distillation  units  to  produce  water 
vapors  which  are  condensed  using  condenser  to  produce  distillate. 
The  distillate  produced  is  of  high  quality  and  the  rate  of  distillation 
can  be  enhanced  by  incorporating  vacuum.  In  this  process  tem¬ 
perature  of  feed  water,  condensing  surface  and  pressure  plays  an 
important  role  in  distillate  yield  [4,6],  The  different  types  of  non¬ 
membrane  process  employed  for  desalination  is  explained  below. 


3.1.1.  Solar  multi  stage  flash  desalination 

In  multi-stage  flash  desalination  system,  the  feed  saline  water 
is  heated  above  the  saturation  temperature  in  brine  heater  and  is 
made  to  flash  in  the  vessel  where  low  pressure  is  maintained 
using  vacuum  pump.  The  brine  discharged  from  the  previous  stage 
is  allowed  to  flash  in  successive  stages  and  the  vapors  formed  in 
each  stage  is  condensed  using  condenser  where  inlet  saline  water 
is  preheated.  A  10  m3/d  capacity  solar  powered  multi-stage  flash 
desalination  plant  with  brine  recirculation  was  developed  by 
Mexico  and  Federal  Republic  of  Germany  in  1974.  The  plant 
consists  of  double  tube  flat  plate  collector,  parabolic  trough 
collectors  (water  as  heating  fluid),  storage  tanks  (capable  of 
supplying  thermal  energy  for  24  h)  and  desalination  unit  [72], 
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Table  1 

Comparison  of  solar  powered  humidification-dehumidification  desalination  systems. 


Desalination  plant 


Components  of  the  plant 


Visible  outcome 


Direct  contact,  open  water  cycle,  closed  air 
cycle.  Farid  et  al.  [42] 

•  Solar  flat  plate  collector  for  heating  water 

•  Humidifier 

•  Condenser 

•  Air  blower 

•  Water  pump 

Best  performance  at  an 

•  Optimum  flow  rate  of  water  70  kg/h 

•  Optimum  flow  rate  of  air  50  kg/h 

•  Water  production  -  12  l/m2/d 

Direct  contact,  open  water  cycle,  closed  air 
cycle.  Nawayseh  et  al.  [43] 

•  Solar  flat  plate  collector 

•  Humidifier  -  surface  area  varied  from  2  to  23  m2 

•  Condenser  -  surface  area  varied  from  1  to  40  m2 

Best  performance  at  an 

•  Optimum  flow  rate  of  water  0.48  kg/min 

•  Optimum  flow  rate  of  air  0.24  kg/min 

•  Optimum  humidifier  surface  area  10  m2 

•  Optimum  condenser  surface  area  12  m2.  Further  increase  in 
surface  areas  has  only  little  effect  on  water  production 

•  Water  production  -  6.8-9.8  kg/d 

Direct  contact,  open  water  cycle,  closed  air 
cycle.  Al-Hallaj  et  al.  [44] 

•  Solar  flat  plate  collector  was  simulated  using 
electric  heater 

•  Evaporator 

•  Condenser 

•  The  unit  was  built  using  Plexiglas  sheets 

•  Higher  the  feed  water  inlet  temperature  higher  the  yield 

•  Flow  rate  of  air  has  less  effect  on  yield 

•  Water  Production-0.65  kg/m2.h 

Direct  contact,  open  air  cycle.  Dai  et  al. 

[45,46] 

•  Solar  flat  plate  collector 

•  Honey  comb  type  humidifier 

•  Condenser 

•  Fan 

•  Mass  flow  rate  and  inlet  feed  temperature  affects  water 
production  rate 

•  Higher  flow  rate  of  air  was  necessary  at  lower  temperature  of 
feed  water 

•  Thermal  efficiency  0.68 

•  Water  Production  -  6.2  kg/m2/d 

Direct  contact,  closed  air  cycle.  Garg  et  al. 

[47] 

•  Solar  flat  plate  collectors 

•  Hot  water  storage  tank 

•  Distillation  chamber  (humidifier  and 
condensation) 

•  Movement  of  air  by  natural  convection 

•  Higher  the  temperature  of  feed  water  entering  the  humidifier 
higher  the  humidity  of  air  and  higher  the  water  production 

•  Water  production  -  8.28  kg/h 

Direct  contact,  closed  air  cycle.  Fath  et  al. 

[48] 

•  Solar  air  heater 

•  Humidifier  -  falling  film  type 

•  Dehumidifier  -  an  air  cooled  heat  exchanger 

•  Fan 

•  Higher  the  solar  intensity,  ambient  temperature,  humidifier  and 
dehumidifier  effectiveness  higher  the  water  production 

•  Water  production  -  3.5  kg/m2/d 

Humidification-dehumidification  solar  still, 
closed  air  cycle.  Fath  et  al.  [49] 

•  Rectangular  box  with  top  glass  cover  acts  as  still 

•  Central  stepped  absorber  carry  saline  water 
in  basin 

•  Regions  above  and  below  the  absorber  acts  as 
evaporator  and  condenser 

•  Natural  convection  of  air  takes  place  above  and 
below  the  absorber 

•  Higher  the  saline  water  temperature,  solar  intensity  and  ambient 
temperature  higher  the  water  production. 

•  Material  properties,  saline  water  mass,  area  of  condenser  and 
evaporator  surface  has  only  little  effect 

•  Water  production  -  5.2-53  1/m2 

Humidification-dehumidification  seawater 
greenhouse.  Goosen  et  al.  [50] 

•  Two  evaporators  free  falling  type 

•  Condenser  (air/water  heat  exchanger) 

•  Transparent  planting  area  roof 

•  Maximum  distillate  was  obtained  for  optimum  dimension 

200  m  x  50  m 

•  Evaporator  height  2  m 

•  Roof  transparency  0.4% 

•  Water  production  -  125.5  m3/d 

Humidification-dehumidification.  Nafey 
et  al.  [51] 

•  Solar  parabolic  trough  collector 

•  Solar  flat  plate  air  heater 

•  Humidifier  -  canvas  as  packing  material 

•  Dehumidifier  -  water  cooled  heat  exchanger 

•  Higher  the  feed  water  inlet  temperature,  solar  intensity  and  inlet 
air  temperature  higher  the  water  production 

•  Higher  the  cooling  water  temperature  and  feed  water  flow  rate 
lower  the  water  production 

•  Water  production  -  2.75-17  kg/d 

Multi  stage  heating/humidifying  technique. 
Chafik  [52] 

•  Solar  air  heater  made  of  polycarbonate  plate 
inserted  with  aluminum  strips 

•  Humidifier 

•  Heat  recovery  and  dehumidification  unit 

•  Optimum  number  of  heating/humidifying  stages  was  found 
to  be  5 

•  Lower  the  air  flow  rate  higher  the  plant  efficiency 

•  By  Stepwise  heating/humidifying  technique  humidity  of  air  at 

80  °C  was  found  to  be  equivalent  to  humidity  of  air  that  be 
achieved  using  air  heated  to  230  °C 

•  Water  production  -  10  m3/d 

•  Water  production  cost  -63.65  USD/m3 

Closed  air  multiple  effect  humidification 
plant.  Houcine  et  al.  [53] 

•  Solar  air  heater  made  of  polycarbonate  plate 
inserted  with  aluminum  strips 

•  Heat  recovery  unit 

•  Condensation  unit 

•  Blower 

•  Deformation  of  polycarbonate  plate  of  collectors 

•  No  technical  problems 

•  Corrosion  of  pumps  and  heat  exchanger 

•  Feed  sea  water  was  preheated  by  more  than  35  °C  by  passing 
through  condenser 
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Table  1  ( continued ) 


Desalination  plant 


Components  of  the  plant 


Visible  outcome 


•  Pumps 

Mass  flow  rate  of  air  1500  kg/h 
Mass  flow  rate  of  water  1000  1/h 


•  Water  production  -  140-355  kg/d 

•  Water  production  cost  -  53.29  USD/m3  for  18  stage  plant, 
47.972  USD/m3  for  12  stage  plant,  72.092  USD/m3  for 

9  stage  plant 


Closed/open  air  cycle  humidification- 
dehumidification  plant.  Orfi  et  al.  [54] 


•  Solar  collector  for  heating  water 

•  Solar  collector  for  heating  air 

•  Evaporation  chamber 

•  Condenser 


•  Performance  of  open  air  cycle  was  found  to  be  better  than  closed 
air  cycle 

•  Annual  water  production  -  5791  1/m2  for  closed  system  and 
6170  1/m2  for  open  system 


Closed  circulation  humidification- 

dehumidification  plant.  Yuan  et  al.  [55] 


•  Two  compartments  each  compartment  has 
honey  comb  evaporator  and  water  cooled 
condenser  are  placed  side  by  side 

•  Solar  flat  plate  water  heater 


•  Fresh  water  production  depends  mainly  on  collector  area  rather 
than  humidifier  length 

•  Water  production  -  27-52  kg/d 


Solar  multiple  condensation-evaporation 
system.  Zhani  et  al.  [56] 


•  Solar  flat  plate  air  heater 

•  Solar  flat  plate  water  heater 

•  Humidifier  -  packing  material  textile  (viscose) 

•  Distillation  module  -  evaporator  and  condenser 
in  same  compartment 

•  Fan 


•  Outlet  and  inlet  temperatures  at  various  compartments  and 
follows  the  same  trend  as  solar  radiation. 

•  Performance  of  the  system  depends  on  solar  radiation 

•  Water  production  -  16-21.75  kg/d 

•  Water  Production  cost  -  0.1072  USD/1 


Open  air  cycle  solar  humidification- 
dehumidification  system.  Mohamed 
et  al.  [57] 


•  Solar  parabolic  trough  collector 

•  Heat  exchanger 

•  Air  pre-heater 

•  Humidifier  and  dehumidifier 


•  Distilled  water  production  depends  on  season 

•  Water  production  -  0.22  kg/kg  of  air  in  winter,  0.35  kg/kg  of  air 
in  spring,  0.50  kg/kg  of  air  in  summer,  0.37  kg/kg  of  air 

in  autumn 


Open  air  cycle  solar  humidification- 
dehumidification  system.  Yuan  et  al. 

[58] 


PV  powered  humidification- 

dehumidification  unit  with  free  and 
forced  circulation  of  air.  Wang  et  al.  [59] 


Solar  diffusion  driven  desalination  system. 
Alnaimat  et  al.  [60] 


Multi  effect  condensation-evaporation 
distillation  system.  Dayem  [61] 


•  Solar  evacuated  tube  air  heater 

•  Solar  evacuated  tube  water  heater 

•  Humidifier-dehumidifier  unit 

•  Hot  water  storage  tank 

•  Pre  treatment  and  post  treatment  units 

•  Electric  heater  and  pump  powered  by  solar 
PV  panel 

•  Evaporation  chamber 

•  Condensation  chamber 


•  Solar  flat  plate  water  collector 

•  Air  blower 

•  Evaporator 

•  Condenser 


•  Solar  flat  plate  collector 

•  Storage  tank 

•  Distillation  chamber 

•  4  kW  auxiliary  heater 


•  Gained  output  ratio  of  the  system  is  2.0-2.3 

•  Relative  humidity  of  the  air  at  the  outlet  of  humidifier  is  80-90% 

•  Solar  collector  field  occupies  67.7%  of  the  total  capital  cost 

•  Water  production  -  1  m3/d 

•  Water  production  cost  -  6.58  USD/m3 

•  Higher  distillate  yield  at  higher  brackish  water  inlet  temperature 
to  the  evaporator  and  lower  cooling  water  temperature  to  the 
condenser 

•  Distillate  yield  was  found  to  be  more  for  forced  circulation  mode 

•  Water  production  -  maximum  0.873  kg/m2  d  for  forced 
circulation 

•  Water  production  cost  -  21.8  USD/m3  for  forced  circulation, 

2.3  USD/m3  for  free  circulation 

•  Delayed  operation  of  the  plant  after  the  saline  water  reaches 
sufficient  temperature  increases  yield  and  reduced  electric 
consumption 

•  Water  production  -  6.3  1/m2  d 

•  Energy  consumption  -  3.6  kWh/m3 

•  Water  production  cost  -  4  USD/m3 

•  Optimum  solar  collector  area  was  found  to  be  6  m2  for  which  the 
life  cycle  saving  was  maximum  for  a  solar  fraction  of  77% 

•  Water  production  -  24 1/d 


The  operation  status  of  similar  kind  of  desalination  unit 
developed  by  Swiss  Federal  Institute  of  Technology  and  Atlantis 
Energy  Ltd.,  and  tested  in  Kuwait  was  found  to  be  satisfactory  [73]. 
It  is  worth  to  note  that  the  water  production  cost  of  the  multi  stage 
flash  desalination  unit  could  be  brought  down  by  increasing  the 
plant  capacity  and  by  coupling  the  desalination  unit  with  solar 
pond  where  both  collection  and  storage  of  solar  energy  is  possible 
[74].  Compared  to  conventional  solar  still,  the  performance  ratio  of 
solar  multi  stage  flash  desalination  unit  was  found  to  be  3-10 
times  higher  and  for  the  same  plant  capacity  the  water  production 
cost  and  capital  investment  of  multi  stage  flash  plant  is  lower  than 
solar  still  [75]. 

The  distillate  yield  of  the  plant  could  be  increased  by  increasing 
the  temperature  difference  between  hot  brine  and  inlet  seawater 


temperature  [76].  Transient  analysis  of  solar  multi  stage  flash 
desalination  unit  carried  out  by  Hanafi  [77]  confirmed  that  the 
production  of  water  could  be  increased  by  using  water  as  heat 
transfer  fluid  in  solar  collectors  and  by  increasing  the  number  of 
storage  tanks  and  its  volume. 

Laboratory  prototype  experiments  have  proved  that  nearly  15  m3/d 
of  water  could  be  produced  by  coupling  10  flash  desalination  units  of 
1  m2  area  operating  at  0.9  bar  with  solar  pond  of  70  °C  [78].  The 
gained  output  ratio  of  solar  multi  stage  flash  desalination  unit  could  be 
increased  by  operating  the  plant  at  wide  temperature  range  and  by 
discharging  the  condensate  at  last  stage  [79].The  distillate  yield  from 
the  MSF  desalination  unit  depends  on  the  top  brine  tempera¬ 
ture,  number  of  stages,  feed  water  salinity  and  fouling  resistance 
of  brine  heater  [80-82].  Provision  of  feed  water  cooler  to  reduce 
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a 


Fig.  4.  (a)  Basin  type  desalination  system  integrated  with  solar  chimney  [69]  and  (b)  combined  solar  chimney  system  for  power  generation  and  sea  water  desalination  [71  ]. 


the  inlet  feed  water  temperature  will  make  the  plant  to  operate  at 
wide  temperature  range  without  any  increase  in  top  brine  tempera¬ 
ture  and  this  type  is  highly  possible  in  power  plant  integrated 
desalination  units  [83,84],  The  exergy  efficiency  of  the  MSF  desalina¬ 
tion  unit  can  be  increased  by  utilizing  the  heat  from  the  hot  distillate 
at  early  stages  for  other  thermal  systems  [85],  The  schematic 


representation  of  the  solar  powered  multi  stage  flash  desalination 
system  is  shown  in  Fig.  5a. 

Mass  balance  in  MSF  desalination  unit  is  given  by  [82] 
rrif  =  md  +  mb 


(16) 
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Table  2 

Advantages  and  limitations  of  direct  solar  desalination  systems. 


Solar  still  [17] 


Solar  humidification-dehumidification  Solar  chimney  [69] 
[33,34] 


Solar  stills  can  be  constructed  with  locally  available 
materials 

Minimum  maintenance  and  operation  cost 
Eco-friendly 

Product  water  is  of  High  quality 
Low  distillate  yield  per  m2 

Requires  large  area 
Low  overall  performance 
Low  efficiency 


The  system  is  more  flexible 

Low  installation  and  operation  costs 
Any  kind  of  low  grade  energy  can  be  utilized 
Suitable  for  decentralized  operation 
Requires  large  number  of  stages  for  efficient 
operation 

Capital  cost  is  higher 

Water  production  cost  is  higher 


Combined  power  and  water  can  be  produced  under  one  roof 

Byproducts  like  salt  would  be  obtained 
Ecological  benefits 
Waste  barren  land  can  be  utilized 
Any  kind  of  waste  water  can  be  treated 

Low  water  production  cost 
Large  area  requirement 

Structure  is  heavy  and  requires  lot  of  engineering  expertise  and 
materials 

Very  high  capital  cost 


Fig.  5.  (a)  Solar  powered  multi-stage  flash  desalination  system  [76]  and  (b)  solar  powered  multi-effect  distillation  system  [95]. 
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Salinity  balance  in  each  stage  of  MSF  desalination  unit  assuming 
distillate  is  free  from  salt  is  given  by 

mfXf  =  mbXb  (17) 

The  temperature  drop  in  each  stage  is  given  by 

AI  =  —  (18) 

n 

The  stage  temperature  and  condenser  temperature  in  each  stage  is 
given  by 

Ti  =  T0-iAT  (19) 


h  =  T/  +  [n  -  (i  - 1 )]  AT 

The  distillate  yield  at  each  stage  is  given  by 


md  =  m/[l-(l-y)n] 

y  is  a  constant  given  by 


y= 


CpAT 

hfg 


The  brine  heater  heat  transfer  area  is  given  by 


Ab  = 


mfCp(T0  —  t\) 


U6(LMTD)6 

The  condenser  heat  transfer  area  is  given  by 

rnfCp(U  - 12) 


Ar  =  ■ 


Lfc(LMTD)c 


(20) 

(21) 

(22) 

(23) 

(24) 


In  future  the  fossil  fuel  cost  would  be  increasing  and  cost  of 
parabolic  trough  collector  would  be  decreasing  as  a  result  solar 
operated  MSF  unit  would  be  more  economical  than  conventional 
multi  stage  flash  desalination  if  more  solar  fraction  was  utilized 
[86],  Zero  discharge  desalination  could  be  achieved  by  integrating 
MSF  desalination  unit  with  solar  pond  and  brine  concentration 
recovery  system  (BCRS)  such  that  the  brine  rejected  could  be 
converted  into  salt  and  could  be  used  for  maintaining  salinity  of 
solar  pond  [87],  MSF  desalination  plant  integrated  with  solar  pond 
and  partially  powered  by  commercial  electricity  is  more  econom¬ 
ical  than  any  other  solar  powered  desalination  technologies  [88], 


3.1.2.  Solar  multi  effect  distillation 

Multi-effect  distillation  (MED)  unit  consists  of  vessels  which 
are  generally  called  effects  maintained  successively  at  low  pres¬ 
sure  where  saline  water  is  sprayed.  The  heat  required  to  cause 
evaporation  in  first  effect  is  supplied  by  solar  energy  or  by 
combustion  of  fossil  fuel  and  the  vapors  thus  formed  are  used  to 
heat  the  feed  in  the  next  effect.  Thus,  the  latent  heat  of  the 
produced  vapors  in  the  previous  effects  are  successfully  utilized 
for  the  next  effect  in  MED.  MED  systems  are  gaining  more  market 
share  because  of  its  better  compatibility  with  solar  thermal 
desalination  [80],  The  MED  unit  coupled  to  solar  pond  of  area 
30,000-40,000  m2  is  capable  of  producing  1,00,000  tons  of  dis¬ 
tilled  water  per  year  at  a  cost  comparable  to  conventional  methods 
of  desalination  and  the  water  production  cost  is  mainly  dependent 
on  the  cost  of  the  salt  and  it  decreases  with  the  increases  in  solar 
pond  area  [89], 

Double  effect  Li-Br  absorption  heat  pump  powered  by  solar 
collector  field  and  coupled  to  MED  is  more  attractive  in  which  the 
heat  pump  uses  the  heat  from  the  solar  field  and  the  MED  unit 
uses  the  heat  rejected  by  the  condenser  and  absorber  of  the  heat 
pump.  The  water  vapor  generated  in  the  desalination  unit  is 
condensed  using  the  evaporator  of  the  absorption  heat  pump 
thereby  the  circulation  of  external  cooling  water  is  eliminated.  The 
thermal  energy  consumption  and  solar  field  requirement  for  this 
unit  is  nearly  50%  lower  than  conventional  MED  systems.  The 


system  can  be  operated  in  a  hybrid  solar/gas  mode,  solar  mode  or 
gas  mode  with  an  performance  ratio  between  10  and  20  [90-92], 
The  feasibility  of  low  temperature  MED  (LT-MED)  unit  inte¬ 
grated  with  flash  chamber  and  solar  collector  was  studied  by  Jiang 
et  al.  [93].  The  water  heated  in  the  solar  collector  was  allowed  to 
flash  in  the  flash  chamber  and  the  vapors  produced  were  used  as 
heating  source  for  first  stage  of  MED  and  the  water  discharged 
from  flash  chamber  was  used  as  feed  for  MED  unit.  The  flash 
chamber  pressure  and  temperature  of  feed  water  has  more  effect 
on  distillate  yield  compared  to  MED  stage  pressure.  LT-MED  unit 
replacing  the  condenser  of  solar  operated  power  plant  is  more 
efficient  than  the  LT-MED  fed  by  the  exhaust  steam  of  solar 
operated  power  plant  compressed  by  thermal  vapor  compressing 
unit  [94],  Integrating  solar  powered  organic  Rankine  cycle  (SORC) 
with  MED  to  produce  both  power  and  water  is  more  attractive 
but  it  requires  large  collector  field  area.  Different  configurations 
like  multi  effect  distillation-backward  feed  (MED-BF),  multi 
effect  distillation-parallel  feed  (MED-PF),  multi  effect  distillation- 
forward  feed  with  heater  (MED-FFH)  and  multi  effect  distillation- 
forward  feed  (MED-FF)  are  available  and  among  these  MED-FFH 
and  MED-PF  are  found  to  be  more  efficient  [95].  The  SORC-Ejector- 
MED  unit  is  capable  of  treating  high  saline  water  with  an  exergy 
efficiency  of  40%  [96],  Gain  output  ratio  (GOR)  of  the  MED  unit 
depends  mainly  on  the  evaporator  temperature  of  last  effect  and  it 
is  very  much  less  affected  by  the  temperature  of  the  feed  stream 
[97],  Solar  operated  MED  unit  of  3  m3/d  capacity  with  a  perfor¬ 
mance  ratio  of  2.0  is  developed  by  Joo  and  Kwak  [98],  The 
schematic  representation  of  the  MED  system  is  shown  in  Fig.  5b. 


3.3.3.  Vapor  compression  desalination 

In  vapor  compression  desalination,  the  feed  saline  water  heated 
by  external  heat  source  is  allowed  to  flash,  the  vapors  thus 
produced  are  compressed  using  mechanical  vapor  compressor 
(MVC)  or  thermo  vapor  compressor  (TVC)  to  raise  the  condensa¬ 
tion  pressure  and  temperature  of  the  vapor  and  the  compressed 
vapor  is  used  to  heat  the  same  stage  or  feed  water  of  other  stages. 
The  schematic  representation  of  mechanical  vapor  compression 
desalination  unit  is  shown  in  Fig.  6. 

Mechanical  vapor  compression  desalination  unit  of  120  m3/d 
capacity  powered  by  battery  less  hybrid  PV/diesel  with  heat 
recovery  was  developed  by  Helal  and  Al-Malek  [99],  The  hybrid 
system  is  capable  of  reducing  179  tons  of  C02  emissions  per  year 
but  the  water  production  cost  is  higher  than  the  conventional 
methods  however  it  can  be  reduced  by  increasing  the  capacity  of 
the  plant. 

Mechanical  vapor  compressor  (MVC)  desalination  unit  driven 
by  wind/PV  hybrid  system  consists  of  MVC,  PV  module,  wind 
turbine  and  storage  tank.  The  power  required  for  the  desalination 
system  is  supplied  by  the  hybrid  unit  and  in  case  of  deficient 
power  supply  electricity  is  supplied  from  external  electrical  net¬ 
work.  At  the  times  of  excess  power  generation,  part  of  the  energy 
is  stored  and  the  remaining  is  supplied  to  external  electrical 
network.  The  system  was  theoretically  studied  for  three  different 
locations  in  Morocco  and  the  cost  of  water  production  by  this 
method  is  comparable  to  the  conventional  water  production 
methods  if  the  capacity  is  more  than  120  m3/d  [100], 

Specific  power  consumption,  steam  flow  rate  and  total  water 
production  cost  of  multi  effect  distillation-parallel  feed-thermo 
vapor  compressor  (MED-PF-TVC)  unit  is  lower  than  multi 
effect  distillation-parallel  feed-mechanical  vapor  compressor 
(MED-PF-MVC)  unit.  The  gain  output  ratio  (GOR)  of  MED-PF-TVC 
unit  is  higher  even  at  less  number  of  stages  because  of  the 
presence  of  steam  ejector.  MED-PF-MVC  is  competitive  if  the 
number  of  stages  are  increased  beyond  12  effects  [101].  The 
schematic  representation  of  MED  integrated  with  mechanical 
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vapor  compressor  and  thermo  vapor  compressor  is  shown  in 
Fig.  7a  and  b  respectively. 

The  energy  balance  of  MVC  is  shown  in  Fig.  7c.  The  power 
required  by  the  MVC  is  given  by  [99] 

mv  \fTxRx  (T,+273.15)\  /  /P2\(r-1)/r 
3600  xricoxMwt)\  T-l 

(25) 


(T2  +  273.15) 
(T, +273.15) 


rp2 


<r-i)/r 


P  i 


(26) 


3.14.  Compact  solar  thermal  desalination  systems 

Zhang  et  al.  [102]  experimentally  investigated  the  performance 
of  horizontal  tube  falling  film  evaporation  desalination  system 
integrated  with  solar  collector  which  supplies  hot  water  to  the 
horizontal  evaporator  tube  over  which  saline  water  is  sprayed.  The 
water  vapor  thus  formed  is  carried  by  air  pump  and  condensed 
using  incoming  feed  water  thereby  nearly  100%  heat  is  recovered. 
The  optimum  start  temperature  of  the  unit  is  70  °C  and  the 
distillate  yield  of  the  system  is  around  13.5-18.308  kg/d  and  it 
increases  with  the  increase  in  temperature.  Solar  desalination 
system  with  falling  film  evaporation  and  condensation  process 
which  uses  both  multi  stage  flash  evaporation  and  multi  effect 
regeneration  units  has  a  performance  ratio  of  2.35  and  distillate 
yield  of  135  kg/h  for  a  feed  temperature  of  90  °C  at  an  operating 
pressure  of  15  kPa.  Increased  distillate  yield  can  be  obtained  at 
reduced  pressures  and  at  high  inlet  feed  water  temperature  [103], 
Reddy  et  al.  [104]  carried  out  theoretical  and  experimental 
studies  with  evacuated  multi  stage  solar  desalination  system 
which  consists  of  inclined  trays  representing  evaporator-conden¬ 
ser  unit  maintained  at  reduced  pressure  using  vacuum  pump.  The 
evaporator  trays  are  provided  with  silk  cloth  to  enhance  evapora¬ 
tion  over  which  the  feed  water  heated  by  solar  collectors  is 
allowed  to  flow  as  thin  film.  The  optimum  number  of  stages,  the 


optimum  gap  between  the  stages  and  the  optimum  operating 
pressure  was  found  to  be  4,  100  mm  and  0.03  bar  respectively 
under  which  maximum  yield  of  53.2  kg/m2/d  was  obtained.  The 
schematic  representation  of  the  system  is  shown  in  Fig.  8. 

Nafey  et  al.  [105]  carried  out  experimental  and  theoretical 
studies  with  solar  desalination  unit  consisting  of  solar  flat  plate 
collectors  and  flash  vessel  integrated  with  the  condenser.  The 
performance  ratio  of  the  system  was  about  0.7-0.9  and  the 
maximum  and  minimum  productivity  of  the  system  was  found 
to  be  7  kg/d/m2  and  1.04  kg/d/m2  respectively  and  it  depends 
mainly  on  solar  radiation.  A  similar  kind  of  unit  with  production 
capacity  of  3  1/d  was  designed  by  Wessley  and  Mathews  [106]. 

Multi-stage  stacked  type  desalination  unit  capable  of  producing 
9  1/d  designed  and  fabricated  by  Shatat  and  Mahkamov  consists  of 
four  rectangular  shaped  stacks  filled  with  water  kept  one  above 
the  other  [107],  The  heat  energy  to  the  bottom  water  stack  was 
supplied  by  solar  collectors  using  heat  exchanger  and  the  latent 
heat  of  condensation  of  water  vapors  are  used  by  the  other  stages 
to  produce  distillate.  A  three  stage  multi  effect  desalination  system 
with  enhanced  condenser  surface  integrated  with  evacuated  tube 
collectors  is  capable  of  producing  43  kg/d  of  distillate  [108], 


3.1.5.  Natural  vacuum  desalination  systems 

In  desalination  systems,  the  fresh  water  vapors  can  be  pro¬ 
duced  from  saline  water  at  low  operating  temperatures  if  the 
required  vacuum  is  provided  by  vacuum  pump,  but  it  consumes 
more  power.  This  electrical  energy  consumption  can  be  reduced  or 
eliminated  by  creating  vacuum  by  natural  means  using  the  force  of 
gravity  by  allowing  fall  of  water  under  gravity  thereby  producing 
vacuum  at  the  head  space  maintained  above  [109], 

Natural  vacuum  desalination  systems  are  suitable  for  small 
scale  applications.  Al-Karabsheh  and  Goswami  [110]  carried  out 
theoretical  studies  with  evacuated  desalination  system  in  which 
vacuum  in  the  evaporator  was  created  using  natural  process  by 
allowing  water  to  fall  under  gravity  and  the  heat  required  for  the 
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Fig.  7.  (a)  Solar  powered  mechanical  vapor  compression  unit  coupled  with  MED  [101],  (b)  solar  powered  thermo  vapor  compression  unit  coupled  with  MED  [101] 
and  (c)  energy  balance  in  mechanical  vapor  compressor  [99]. 


process  was  supplied  by  solar  flat  plate  collectors.  The  system  was 
flushed  at  regular  intervals  to  remove  the  trapped  non¬ 
condensable  gases  and  the  distillate  yield  from  the  system  was 
found  to  be  6.5  kg/d  m2  of  evaporator  area.  The  schematic  repre¬ 
sentation  of  the  system  is  shown  in  Fig.  9.  This  system  was  able  to 
produce  a  distillate  of  100  1/d  by  incorporating  thermal  energy 
storage  of  capacity  3  m3  and  solar  collector  of  area  18  m2  [111  ].  The 
schematic  representation  of  the  system  is  shown  in  Fig.  10a. 
Cooling  capacity  of  3.25  kW  and  distillate  yield  of  4.5  kg/h  was 
obtained  by  coupling  natural  vacuum  desalination  system  with 


absorption  refrigeration  system  and  thermal  storage  [112].  The 
schematic  representation  of  the  system  is  shown  in  Fig.  10b. 

Thermal  analysis  of  natural  vacuum  solar  driven  flash  desalina¬ 
tion  system  operation  in  single  stage  mode  and  two  stage  mode 
was  carried  out  by  Maroo  and  Coswami  [109],  In  single  stage 
operation  the  feed  water  heated  in  solar  collectors  was  allowed  to 
flash  in  the  evaporator  and  the  vapors  formed  are  subsequently 
condensed  in  the  condenser.  In  case  of  two  stage  operation  the 
brine  left  behind  in  first  stage  was  allowed  to  flash  in  second  stage 
evaporator  there  by  generating  additional  distillate.  For  a  solar 
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Fig.  8.  Evacuated  multi-stage  solar  water  desalination  system  [104]. 


Fig.  9.  Natural  vacuum  desalination  system  proposed  by  Al-Karabsheh  and  Goswami  [110], 


collector  of  1  m2  area,  the  proposed  system  produces  nearly 
5.54  kg  and  8.66  kg  of  distillate  while  operating  in  single  stage 
and  two  stage  mode  with  an  performance  ratio  of  0.748  and  1.350 
respectively.  The  schematic  representation  of  the  system  is  shown 
in  Fig.  11a. 

In  two  stage  low  temperature  natural  vacuum  desalination 
process  the  vapor  formed  in  the  first  stage  was  condensed  in  the 
heat  exchanger  incorporated  in  the  second  stage  there  by  rejecting 
heat  to  second  stage  causing  vaporization  of  saline  water  in  the 
second  stage,  the  vapors  thus  formed  in  the  second  stage  were 
condensed  using  external  condenser.  The  cost  of  water  production 
by  this  method  was  found  to  be  3  USD/m3.  The  specific  thermal 
energy  consumption  and  mechanical  energy  consumption  was 
about  1500  MJ/m3  and  1  kWh/m3  respectively  [113], 

The  natural  vacuum  desalination  proposed  by  Ayhan  and  A1 
Madani  [114]  consists  of  evaporator  column  exposed  to  solar 
radiation  and  shaded  condenser  column.  The  schematic  represen¬ 
tation  of  the  system  is  shown  in  Fig.  lib.  The  vapors  generated  in 


the  evaporator  were  moved  to  the  condenser  column  by  forced 
mass  transfer  (using  fan).  Zhao  and  Liu  [115]  proposed  an 
innovative  solar  multi  effect  evaporator-condenser  desalina¬ 
tion  system  in  which  the  vacuum  required  by  the  system 
was  maintained  by  tides.  The  theoretical  study  indicates  that  the 
stable  operation  of  the  unit  can  be  achieved  for  areas  with  tides  of 
range  2  m. 

3.3.6.  Freeze  desalination 

Freeze  desalination  is  a  technique  in  which  sea  water  is  allowed 
to  cool  below  its  freezing  point,  thereby  the  ice  crystals  of  pure 
water  are  formed  on  the  surface.  The  three  types  of  freeze 
desalination  are  direct  contact  freeze  desalination,  indirect  contact 
freeze  desalination  and  vacuum  operated  freeze  desalination  [116], 

3.3. 6.3.  Direct  contact  freeze  desalination.  In  direct  contact  freeze 
desalination  process  liquid  refrigerant  (usually  n-butane)  is  mixed 
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Fig.  10.  (a)  Natural  vacuum  desalination  system  with  thermal  energy  storage  [111  ]  and  (b)  natural  vacuum  desalination  system  with  thermal  energy  storage  and  absorption 
refrigeration  [112]. 


directly  with  feed  saline  water  in  a  freezer  such  that  the  heat  from 
saline  water  will  be  absorbed  by  the  refrigerant  resulting  in 
the  formation  of  ice  crystals  which  are  then  separated  and 
purified  to  obtain  potable  water.  This  kind  of  freeze  desalination 
process  requires  less  pressure  ratio,  achieving  this  pressure  ratio 
with  conventional  compressors  is  not  economical  and  this  has 
lead  to  the  development  of  hydraulic  refrigerant  compressor.  The 


hydraulic  refrigerant  compressors  do  not  use  lubrication  oil  as  a 
result  contamination  of  ice  crystals  by  lubrication  oil  is  avoided. 
The  size  of  the  freeze  desalination  plant  melter  and  washer  could 
be  reduced  by  accepting  some  amount  of  salt  in  the  water  as  a 
result  cost  and  size  of  the  system  could  be  reduced  and  the 
product  water  could  be  used  for  irrigation  purposes  in  water 
scarce  areas  [117], 
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Fig.  11.  (a)  Single  stage  flash  solar  natural  vacuum  desalination  system  [109]  and  (b)  solar  natural  vacuum  desalination  system  proposed  by  Ayhan  and  A1  Madani  [114]. 


In  two  stage  direct  contact  freezing/solar  evaporator  system 
salts  like  sodium,  potassium  and  magnesium  are  recovered  from 
the  rejected  brine  of  direct  contact  freezing  system  using  solar 
evaporators.  At  high  conversion  ratio,  two  stage  direct  contact 
freezing  system  is  more  efficient  than  single  stage  direct  contact 
freezing  system.  The  two  stage  direct  contact  freezing  plant  of 
capacity  similar  to  the  capacity  of  entire  Arabian  Gulf  desalination 
plants  requires  less  evaporator  area  compared  to  other  desalina¬ 
tion  plants  of  same  capacity  [118], 


The  power  requirements  of  compressors  used  in  freeze  desa¬ 
lination  plant  is  given  by  [118] 

/7=(^2.78x10-4x7^t)  xQ,  xPi  x  -lj 

(27) 

The  fresh  water  productivity  is  given  by 
Pwc  =  —  oG(l  -e)pjce 


(28) 
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The  area  of  solar  evaporator  required  to  treat  the  discharged  brine 
can  be  found  from  rate  of  evaporation  of  water  which  is  given  by 

Ev  =  W[PS  —  Pa]  (30) 


W=(  2.7  x  10“2)  +  (7.5  x  1CT5)u 


(31) 


Lloyd  [119]  proposed  an  integral  design  for  direct  contact  freeze 
desalination  plants  in  which  processes  like  crystallization,  wash¬ 
ing,  melting  and  decanting  takes  place  in  a  single  cylindrical  vessel 
thereby  the  losses  due  to  transport  of  the  working  fluid  is  reduced. 
The  capital  cost  of  the  proposed  system  containing  two  integral 
vessels  was  found  to  be  20%  lower  than  the  previous  design.  The 
cost  of  water  production  was  found  to  be  3.461  x  10~4  USD/1. 

Fresh  water  production  from  sea  ice  uses  gravity  induced 
desalination  in  which  the  sea  ice  when  exposed  to  sunlight  melts 
because  of  pore  expansion  resulting  in  gravity  induced  brine 
drainage  due  to  increase  in  temperature.  Sea  ice  desalination  is 
limited  for  two  reasons:  (a)  collection  and  transportation  of  sea  ice 
requires  special  equipments  and  (b)  collection  of  sea  ice  affects 
marine  ecosystem,  sea  water  salinity  and  coastal  climate  [120], 

3.I.6.2.  Indirect  contact  freeze  desalination.  In  indirect  contact 
freeze  desalination,  the  refrigerant  and  the  saline  water  are  not 
mixed  with  each  other,  they  are  separated  in  crystallizer  by  heat 
transfer  surfaces  and  the  ice  formed  is  in  the  system  is  then 
scraped  off  from  the  heat  transfer  surfaces  [116].  Removal  of 
produced  ice  in  freeze  desalination  process  is  a  big  problem, 
Attia  et  al.  [121]  proposed  a  new  method  of  freeze  desalination 
process  using  auto  reversed  vapor  compression  heat  pump 
working  with  R-22  as  refrigerant.  The  system  consists  of  two 


tanks  (A  and  B),  solenoids  (for  filling  the  tank  with  saline  water 
and  for  draining  brine  and  produced  fresh  water)  and  heat  pump 
arrangement.  During  the  first  cycle  tank  A  is  filled  with  saline 
water,  the  saline  water  in  tank  A  acts  as  heat  source  and  saline 
water  flowing  inside  tank  B  acts  as  heat  sink,  the  saline  water  in 
tank  A  is  converted  into  slurry  of  ice  and  brine,  the  brine  is  drained 
out  by  opening  the  valves.  During  the  second  cycle  the  heat  pump 
system  uses  saline  water  in  tank  B  as  heat  source  and  ice  in  tank  A 
as  heat  sink,  as  a  result  slurry  of  ice  and  brine  is  formed  in  tank  B, 
and  the  ice  formed  in  tank  A  gets  melted  and  it  is  removed  and  the 
cycle  is  again  repeated.  The  schematic  representation  of  the 
system  is  shown  in  Fig.  12.  Major  advantages  of  freeze 
desalination  using  auto  reversed  vapor  compression  heat  pump 
includes  (1)  elimination  of  complex  mechanical  systems  for 
removal  of  ice  and  (2)  higher  efficiency  and  low  maintenance. 

In  hybrid  process  of  freeze  desalination  integrated  with  mem¬ 
brane  distillation  system  (FD-MD),  the  brine  discarded  from  freeze 
desalination  process  is  used  as  feed  for  membrane  distillation 
process.  The  optimum  freezing  duration  was  found  to  be  two 
hours  and  if  freezing  of  brine  solution  was  carried  out  for  more 
than  two  hours,  trapping  of  brine  inside  ice  crystals  was  noticed. 
For  8  kg  of  feed  water,  freeze  desalination  produces  1.46  kg  of  fresh 
water  with  0.146  g/1  salinity  and  MD  produces  4.26  kg  of  fresh 
water  with  0.062  g/1  salinity.  The  total  water  recovery  and  specific 
energy  consumption  of  the  system  was  found  to  be  71.5%  and 
2.343  l<Wh/m3  respectively,  if  heating  alone  is  considered  [122], 
The  block  diagram  of  the  system  is  shown  in  Fig.  13. 


3.1. 6.3.  Vacuum  operated  freeze  desalination.  In  vacuum  operated 
freeze  desalination  system,  the  feed  saline  water  is  cooled  below 
its  triple  point  at  reduce  pressure  to  produce  both  ice  and  vapor. 
The  ice  formed  is  collected  and  the  vapor  generated  is  compressed 
and  condensed  in  frozen  chamber.  This  method  requires 
compressors  of  large  size  due  to  high  specific  volume  of  water 


Waste 

Fig.  12.  Freeze  desalination  using  auto  reversed  vapor  compression  heat  pump  [121]. 


Brine 


Fresh  Water 
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Fig.  13.  Block  diagram  of  hybrid  indirect  contact  freeze  desalination-membrane  distillation  [122], 


Ejector 


Fig.  14.  Solar  operated  vacuum  freezing  ejector  absorption  (VFEA)  desalination  system  [123  j. 


vapor  and  is  called  vacuum  vapor  compression  freeze  desalination. 
This  difficulty  can  be  overcome  by  using  vacuum  absorption  freeze 
desalination  process  [116],  Performance  and  economic  analysis  of 
4500  m3/d  capacity  solar  desalination  plant  using  vacuum  freezing 
ejector  absorption  (VFEA)  process  was  studied  by  El-Nashar  [123], 
In  vacuum  freezing  ejector  absorption  process  formation  of  both 
vapor  and  ice  takes  place  simultaneously.  The  ice  formed  is 
washed  and  melted  in  ice  washer  and  melter.  The  vapor  formed 
is  passed  through  absorber  which  contains  NaOH  solution  which 


absorbs  the  vapor  and  the  vapor  is  released  by  heating  the  solution 
using  solar  assisted  heating  system.  The  vapor  thus  released  is 
used  as  motive  steam  for  ejector  system  which  is  further  used  for 
melting  ice  in  the  melter.  The  sea  water  salinity  and  temperature 
plays  an  important  role  in  deciding  the  cost  of  the  plant.  Capital 
cost  of  the  plant  can  be  reduced  by  using  evacuated  tube  solar 
collectors  instead  of  flat  plate  collectors.  The  schematic 
representation  of  the  system  is  shown  in  Fig.  14.  A  commercial 
freeze  desalination  plant  (200  m3/d)  integrated  with  power  plant 
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powered  by  Fresnel  type  solar  collectors  in  Yanbu,  Saudi  Arabia 
was  shut  down  after  one  year  due  to  leakage  of  steam  into  storage 
medium  [124], 

Freeze  desalination  process  is  also  capable  of  concentrating  the 
reverse  osmosis  brine,  such  that  the  yield  from  RO  unit  can  be 
increased  and  the  quantity  of  brine  discharged  can  be  reduced 

[125], 


3.1.7.  Adsorption  desalination 

The  adsorption  desalination  system  mainly  consists  of  evapora¬ 
tor,  adsorption  beds  (silica  or  zirconia)  and  condenser.  The 


adsorption  bed  is  supplied  with  hot  or  cooling  water  as  per 
requirement.  The  saline  water  evaporated  in  the  evaporator  is 
adsorbed  by  the  bed  maintained  at  low  temperature  by  circulating 
cooling  water.  The  water  vapor  trapped  in  the  bed  is  recovered  by 
circulating  hot  water,  the  recovered  water  vapor  is  condensed  in 
the  condenser  and  is  of  high  quality  because  of  double  distillation. 
For  a  two  bed  system,  adsorption  takes  place  in  one  bed  and 
desorption  takes  place  in  other  bed  simultaneously  [126],  The 
schematic  representation  of  two  bed  adsorption  desalination 
system  is  shown  in  Fig.  15a.  The  cooling  water  inlet  temperature, 
hot  water  inlet  temperature  and  silica  gel  adsorption  constant  play 
an  important  role  in  determining  the  water  production  rate  and 
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Fig.  15.  (a)  Adsorption  desalination  system  [126]  and  (b)  thermodynamic  cycle  of  adsorption  desalination  cycle  [126], 
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energy  consumption  of  the  system.  High  water  production  rate 
with  less  energy  consumption  can  be  attained  only  if  the  plant  is 
operated  under  optimum  conditions  [126], 

The  thermodynamic  cycle  of  adsorption-based  desalination 
unit  [126]  is  shown  in  Fig.  15b. 

Process  1  to  2:  Circulation  of  cooling  water  through  the 
adsorption  bed  to  reduce  the  bed  temperature  to  facilitate 
adsorption  of  water  vapor. 

Process  2  to  3:  Opening  of  valve  between  adsorption  bed  and 
evaporator  and  charging  of  the  adsorption  bed  with  water 
vapor  from  evaporator  until  maximum  concentration  is 
reached. 

Process  3  to  4:  Closing  of  valve  between  adsorption  bed  and 
evaporator  followed  by  circulation  of  hot  water  through  the 
bed  to  increase  the  bed  temperature 

Process  4  to  1 :  Opening  of  valve  between  bed  and  condenser 
and  desorption  of  water  vapor  from  the  bed  followed  by 
condensation  in  condenser  to  produce  potable  water. 


The  total  heat  required  for  single  cycle  is  given  by 

Qheatingibed)  =  (X2mSgCp  +  msgCsg')(T4  —  T3) 


+ 


msgCSK  + 


(T1-T4) 


+ (X4  —  Xj )  msg  Qites 

The  cooling  requirement  for  single  cycle  is  given  by 

Qcoolin(bed)  =  (-^1  WsgCp  +  17lSgCSg )  (Ti  —T  2) 


+ 


(T2-T3) 


+(X3  —X2)mSgQacis 


The  cooling  requirement  of  the  condenser  is  given  by 

Q-cooIing(cond)  =  (X4  Xf)h/yj 


The  cooling  effect  in  the  evaporator  is  given  by 
Qevap  =  tnsg(X3  —X2)hf g2 

The  mass  of  fresh  water  generated  in  single  cycle  is  by 
lElwater  —  (X4  X  |  )msg 


(32) 


(33) 

(34) 

(35) 

(36) 


The  concept  of  solar  adsorption  desalination  system  in  combi¬ 
nation  with  multi  effect  distillation  system  was  studied  by  Zejli 
et  al.  [127]  using  theoretical  models.  The  proposed  system  consists 
of  two  adsorption  beds  containing  zeolite  as  adsorbent  placed 
between  the  evaporator  operating  in  cyclic  mode  and  the  heat 
required  for  the  process  was  supplied  by  solar  parabolic  trough 
collectors.  The  vapors  leaving  the  adsorption  system  were  used  as 
heat  source  for  three  effect  distillation  system.  The  saline  sea 
water  entering  the  condenser  of  three  effect  distillation  unit  was 
preheated  and  its  temperature  was  raised  to  70  DC  by  the  heat 
transfer  fluid  and  it  was  allowed  to  flash  inside  the  evaporator  to 
produce  vapors.  At  the  mean  time,  during  the  first  cycle  one 
adsorbent  bed  would  be  at  a  temperature  of  120  °C  and  other 
would  be  at  high  temperature  of  195  °C,  during  the  second  cycle 
the  adsorbent  bed  temperature  would  be  reversed  by  changing  the 
direction  of  flow  of  hot  fluid.  The  produced  vapors  would  be 
adsorped  by  the  low  temperature  zeolite  bed  and  the  adsorped 
water  vapor  would  be  released  by  passing  hot  heat  transfer  fluid 
through  the  bed.  The  vapors  were  used  as  heat  source  for  three 
effect  distillation  system  to  cause  evaporation  of  brine  water 
disposed  by  the  evaporator  and  the  vapors  thus  formed  were 
condensed  using  condenser. 

Wu  et  al.  [128]  analyzed  different  possible  thermodynamic 
cycles  for  adsorption  desalination  system  by  assuming  temperature 
of  the  evaporator  less  than  or  equal  to  or  greater  than  the  cooling 


water  inlet  temperature.  The  maximum  water  production  with 
minimum  energy  consumption  was  obtained  if  the  evaporator 
temperature  was  kept  equal  to  or  higher  than  the  cooling  water 
used  to  cool  the  adsorption  bed  because  this  would  make  the 
adsorption  system  to  produce  potable  water  rather  than  chilling 
effect.  The  proposed  models  for  thermodynamic  models  were 
verified  by  experiments  and  the  results  were  found  to  be  closer  to 
the  predicted  values  [129],  The  daily  water  productivity  of  four  bed 
adsorption  desalination  plant  operating  with  low  temperature 
waste  heat  was  found  to  be  4.7  kg/kg  of  silica  gel.  The  water 
productivity  can  be  enhanced  by  increasing  the  chilled  water 
temperature  supplied  to  evaporator  and  by  reducing  the  tempera¬ 
ture  of  cooling  water  temperature  circulated  around  the  adsorption 
bed  for  the  constant  hot  water  inlet  to  the  adsorption  bed  [130],  The 
water  productivity  for  the  four  two  bed  system  was  higher  than  the 
two  bed  system  under  similar  operating  conditions  [131].  The 
optimum  cycle  time  for  the  two  systems  for  which  maximum 
distillate  production  was  obtained  at  different  hot  water  inlet 
temperature  is  graphically  represented  in  Fig.  16a. 

Ng  et  al.  [132]  studied  the  performance  of  waste  heat  driven 
four  bed  adsorption  desalination  cycle  producing  potable  water 
and  refrigeration  using  mathematical  models  and  by  experiments 
for  different  operating  parameters.  They  noticed  that  the  system 
can  operate  even  at  hot  water  inlet  temperature  of  65  °C.  The 
specific  water  production  and  specific  cooling  effect  produced  by 
the  system  at  varying  chilled  water  inlet  temperatures  to  evapora¬ 
tor  with  a  fixed  desorper  hot  water  inlet  temperature  of  65  °C  is 
shown  in  Fig.  16b.  It  could  be  seen  that  both  the  distilled  water  and 
cooling  effect  produced  were  found  to  be  maximum  at  higher 
chilled  water  inlet  temperature  to  the  evaporator.  Thu  et  al.  [133] 
developed  an  advanced  adsorption  desalination  system  utilizing 
heat  rejected  by  the  condenser  for  evaporating  saline  water  from 
the  evaporator.  Better  yield  was  obtained  at  high  hot  water  inlet 
temperature,  low  cooling  water  temperature  and  by  maintaining 
high  flow  rates.  The  optimum  cycle  time  of  this  advanced  adsorp¬ 
tion  desalination  system  was  found  to  be  lower  than  the  conven¬ 
tional  adsorption  desalination  system.  The  advantages  and 
limitations  of  various  indirect  solar  desalination  systems  (non¬ 
membrane  process)  are  shown  in  Tables  3  and  4. 


3.2.  Membrane  processes 

In  membrane  process,  fresh  water  is  produced  from  saline 
water  by  allowing  passage  of  water  molecules  (in  case  of  reverse 
osmosis)  or  ions  (in  case  of  electrodialysis)  through  membranes  by 
applying  high  pressure  (above  osmotic  pressure)  or  electrical 
potential.  The  salinity  of  feed  water  plays  an  important  role  in 
determining  the  yield  of  the  unit  [6],  The  different  types  of  solar 
powered  membrane  process  is  described  below. 


3.2. J.  Solar  powered  reverse  osmosis  desalination 

Reverse  osmosis  (RO)  is  a  pressure  driven  desalination  process 
in  which  pressurized  feed  water  is  allowed  to  pass  through  the 
cross  flow  membrane  module.  If  the  applied  pressure  is  higher 
than  the  osmotic  pressure,  fresh  water  permeates  across  the 
membrane  and  it  is  collected  through  the  permeate  tube  and  the 
brine  is  drained  out  [137,138], 

The  mass  flux  that  is  transported  through  the  RO  membrane  is 
given  by  [137] 

NA  =  L(AP-An)  (37) 

Osmotic  pressure  is  given  by 
n=  CRT 


(38) 
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Fig.  16.  (a)  Effect  of  hot  water  inlet  temperature  on  optimum  cycle  time  [131  ]  and  (b)  effect  of  chilled  water  inlet  temperature  to  evaporator  on  water  production  and  cooling 
effect  [132], 


Permeability  coefficient  of  the  membrane  is  given  by 

_DSV 
-  RTF 

Recovery  of  membrane  in  RO  unit  is  given  by 


(39) 


(40) 


Water  recovery  for  RO  plant  is  in  the  range  of  25-45%  for  sea  water 
and  90%  for  brackish  water.  Energy  requirement  for  RO  process 
depends  on  the  membrane  properties  and  salinity  of  the  feed 
water  [137,138],  The  RO  modules  can  be  connected  in  series  or 
parallel  configurations  and  it  is  schematically  represented  shown 


in  Fig.  17.  The  major  components  of  RO  system  are  [138]  mem¬ 
brane  modules,  high  pressure  pumps,  energy  source  and  energy 
recovery  systems. 


3.2. 1. 1.  Solar  PV  powered  RO  desalination.  In  solar  PV  powered  RO 
unit,  the  power  required  for  the  desalination  process  is  supplied  by 
photovoltaic  panels  and  the  system  can  be  operated  with  (or) 
without  batteries.  Solar  PV  operated  reverse  osmosis  unit  has 
better  socio-economic  and  environment  benefits  compared  to 
diesel  generator  operated  reverse  osmosis  unit  [139],  In  1979, 
Petersen  et  al.  [140]  demonstrated  the  performance  of  solar  PV 
powered  RO  plant  of  capacity  1.5  m3/d  in  northern  part  of  Mexico 
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Table  3 

Advantages  and  limitations  of  in-direct  solar  desalination  systems  (non-membrane  processes). 


Multi  stage  flash  desalination  [80] 

Multi  effect  distillation  [80] 

Vapor  compression  desalination  [80,134,135] 

Suitable  for  large  scale  production  of  distilled  water 
The  plant  is  more  reliable 

Plant  can  tolerate  feed  water  of  any  quality 

High  quality  distillate  is  produced 

Minimal  or  no  feed  water  pre  treatment  is  required 
High  energy  consumption 

Corrosion  takes  place  due  to  high  temperature 
operation 

The  plant  is  heavy  and  costly 

Low  thermal  energy  consumption 

System  could  be  operated  even  at  temperature  below  70  °C 
The  system  is  reliable 

The  produced  distillate  is  of  high  quality 

Feed  water  does  not  need  pre  treatment 

C02  emissions  are  lower  than  MSF  desalination  system 
It  consumes  electrical  power  for  vacuum  pump 

The  system  is  heavy  and  costly 

Suffers  by  corrosion  problem 

High  efficiency 

Does  not  require  additional  cooling  medium 

Low  energy  consumption 

Suitable  for  low  capacity  applications 

Feed  requires  less  pre-treatment 

Product  water  is  of  high  quality 

Size  of  the  plant  is  limited  by  the  size  of  compressor 

Corrosion  of  compressor 

High  initial  cost 

Higher  water  production  cost 

Low  environmental  impact 

Table  4 

Advantages  and  limitations  of  in-direct  solar  desalination  systems  (non-membrane  processes). 

Natural  vacuum  desalination  [136] 

Freeze  desalination  [12] 

Adsorption  desalination  [128] 

Feed  water  like  waste  water,  sewerage  and  seawater  can  be 
used 

Reduced  water  production  cost 

Low  temperature  heat  source  is  sufficient 

Destruction  of  organic  matter  in  the  product  is  prevented 

Can  be  integrated  with  tall  buildings 

High  structures  of  height  above  10  m  is  required 

Requires  removal  of  non-condensable  gases  formed  during 
evaporation  of  water 

Theoretically  energy  required  for  the  process  is 
low 

Reduced  corrosion  and  scaling 

Handling  of  ice  and  water  mixture  are  complex 

Equipments  are  costlier 

Complicated  refrigeration  system 

Freshwater  is  needed  for  washing  produced  ice 
before  melting 

Solar  or  waste  heat  can  be  used 

No  possibility  of  bio-fouling 

Evaporator  operates  at  low  temperature  hence  less 
fouling  and  corrosion 

Requires  less  maintenance  due  to  the  presence  of  less 
movable  part 

Chilled  water  can  also  be  produced 

Distillate  of  high  quality  can  be  produced 

RO  Module 


Feed  Water  Tank  Brine  Tank  Fresh  W  ater  Tank 

Fig.  17.  Series  and  parallel  arrangement  of  RO  modules  [137], 


and  Wind  powered  RO  plant  of  capacity  9  m3/d  in  north  sea, 
German  coast. 

Standalone  solar  PV  powered  RO  desalination  plant  of  capacity 
1.2  gal/min  at  Jeddah,  Saudi  Arabia  is  capable  of  meeting  the 
drinking  water  demands  of  250  inhabitants  [141],  The  permeate 
yield,  recovery  %  and  salinity  of  the  product  can  be  improved  by 
increasing  the  operating  pressure  of  solar  PV  powered  RO  plants.  It 
has  been  estimated  that  nearly  55  million  m3  of  natural  gas  can  be 


saved  per  year,  if  conventional  fossil  fueled  multi  stage  flash 
desalination  systems  used  in  Bahrain  were  replaced  by  solar  PV 
powered  RO  plants  [142], 

Computer  simulation  of  solar  PV  operated  RO  unit  carried  out 
by  Hrayshat  [143]  for  10  locations  in  Jordan  indicates  that  the 
climatic  conditions  and  feed  water  salinity  plays  an  important  role 
in  permeate  yield.  Colangelo  et  al.  [144]  proposed  mathematical 
models  for  different  configurations  of  solar  PV  operated  RO  units 
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Fig.  18.  (a)  Configurations  of  PV  powered  RO  unit  [144]  and  (b)  energy  management  strategy  for  PV  powered  RO  unit  [146], 


and  are  shown  in  Fig.  18a.  For  remote  locations,  Al-Suleimani  and 
Nair  [145]  found  that  the  solar  PV  powered  RO  unit  of  capacity 
5  m3/d  with  a  lifetime  of  20  years  was  found  be  more  economical 
than  the  diesel  operated  RO  unit  of  same  capacity.  The  cost  of 
water  production/m3  was  found  to  be  8.68  USD  and  6.52  USD  for 
diesel  and  solar  powered  RO  system  respectively.  Herold  et  al. 
[146]  proposed  three  energy  management  strategies  for  PV-RO 
system  and  are  shown  in  Fig.  18b. 

Battery  less  PV  powered  sea  water  RO  desalination  system 
simulated  by  Thomson  et  al.  [147]  consists  of  photovoltaic  array, 
multi  power  point  tracker  (MPPT),  inverter,  induction  motor, 
progressive  cavity  pump,  plunger  pump,  Clark  pump  (operated 
by  the  concentrate  leaving  the  RO  modules)  and  RO  modules.  The 
system  operation  was  mainly  affected  due  to  passing  of  clouds  and 
because  of  this  intermittent  operation  the  salinity  level  of  perme¬ 
ate  was  found  to  be  higher  than  the  value  set  by  the  World  Flealth 
Organization  (WHO).  The  cost  of  water  production  by  this  system 
at  8%  discount  rate  was  found  to  be  2.64  USD/m3  but  its  reliability 
was  not  reported  [148],  The  battery  less  PV  powered  RO  unit  with 
tracking  produced  15%  more  distillate  and  25%  more  power  than 
the  system  with  no  tracking  [138]. 

Simulation  of  stand-alone  wind-solar  PV  powered  hybrid  RO 
unit  was  carried  out  by  Mohamed  et  al.  [149],  The  cost  of  water 
production  by  this  hybrid  system  was  found  to  be  lower  than  the 
system  operating  with  autonomous  PV  system  due  to  higher  cost  of 
PV.  The  energy  recovery  with  pressure  exchanger  caused  reduction 
in  energy  consumption  from  12  kWh/m3  to  6.3  kWh/m3.  Steady  state 
and  dynamic  simulations  of  large  scale  hybrid  PV-wind  powered 
stand  alone  battery  less  RO  desalination  plant  was  carried  out  by 
Cherif  et  al.  [150]  using  ROSA  software  and  BG  environment  of  20  sim 
software.  Solar  PV  and  Wind  turbine  produced  nearly  30.8  kW  and 
2.8  kW  respectively.  The  simulation  results  showed  that  the  system 


could  meet  the  freshwater  demands  of  high  environmental  quality 
(HEQ)  hotels  in  Djerba  Island. 

Khayet  et  al.  [151]  developed  a  solar  thermal  and  PV  powered 
RO  desalination  unit  which  consists  of  low  pressure  pump,  high 
pressure  pump,  spiral  wound  polyamide  thin  film  composite 
membrane  (1.2  m2),  and  spherical  thermal  collector  to  preheat 
the  feed  water.  The  optimum  feed  pressure,  flow  rate  and 
temperature  for  a  feed  concentration  of  6  g/1  were  7.7  bar, 
252.8  1/h,  and  33  °C  respectively.  The  RO  unit  is  capable  of  produ¬ 
cing  permeate  of  at  least  0.2  m3/d  with  an  energy  consumption 
less  than  1.3  l<Wh/m3.  Peterson  and  Gray  [152]  evaluated  the 
performance  of  PV-powered  RO  unit  at  Brisbane  botanic  garden, 
Australia  which  consists  of  two  solar  PV-array  of  capacity  1.44  kW 
each  with  tracking  arrangement,  two  pumps  and  a  RO  unit.  The 
treated  water  was  used  for  the  botanic  garden  and  the  concentrate 
was  treated  using  terrace  ponds  where  marine  plants  were  grown 
to  make  fodder  for  animals.  The  system  shows  better  performance 
during  dry  seasons  and  during  rainy  season  its  performance  was 
affected.  The  system  produces  nearly  3.36  million  1  of  permeate  for 
484  days  with  maximum  production  rate  of  10.27  kl/d  during  the 
month  of  August  2009. 

Battery  less  solar  energy  operated  RO  unit  of  1  m3/d  capacity 
developed  by  Soric  et  al.  [153]  consists  of  5  photovoltaic  modules, 
RO  unit,  pumps  and  electric  regulator  (to  provide  stable  voltage  to 
the  pumps).  Continuous  operation  of  the  plant  was  noticed  during 
summer  and  the  system  is  capable  of  producing  permeate  in  the 
range  of  275-373  m3/year. 

The  power  consumption  and  water  productivity  cost  of  RO 
desalination  unit  mainly  depends  on  the  membrane  configura¬ 
tions,  efficiency  of  the  system  and  total  dissolved  salts  in  feed 
water  [154].  The  efficiency  of  the  solar  PV  powered  RO  unit 
depends  on  all  the  individual  components  efficiency.  The  water 
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production  cost  and  energy  consumption  of  the  PV  operated 
systems  can  be  brought  down  by  using  high  efficiency  PV  cells, 
novel  tracking  systems  and  novel  long  life  membranes.  Even 
though  the  cost  of  PV  panels  has  considerably  decreased,  the  main 
hindrances  to  this  system  are  higher  initial  cost  and  land  avail¬ 
ability.  Solar  PV  powered  RO  units  are  highly  suited  for  small  scale 
desalination  and  it  is  not  suitable  for  medium  or  large  scale 
desalination  [155], 

3.2.J.2.  Solar  thermal  powered  RO  desalination.  In  solar  thermal 
powered  RO  desalination,  the  mechanical  energy  produced  by 
the  solar  organic  cycles  is  directly  used  to  run  the  high  pressure 
pumps  of  RO  unit  [155],  The  schematic  representation  of  solar 
organic  Rankine  cycle  RO  desalination  unit  is  shown  in  Fig.  19.  The 
solar  thermal  driven  RO  desalination  unit  is  a  more  promising 
technology,  any  development  in  RO  technology  would  be  useful 
for  developing  RO  technology  based  on  solar  thermal  systems 
[156],  The  unit  cost  of  water  produced  by  RO  plant  could  be 
reduced  by  using  hybrid  solar  assisted  steam  cycle  for  supplying 
required  shaft  power  for  RO  high  pressure  pump  [157].  Integrating 
RO  unit  with  solar  operated  Rankine  cycle  could  cut  off  C02 
emissions  and  lead  to  environmental  savings  with  little 
additional  increment  in  capital  cost  [158], 

Manolakos  et  al.  [159]  proposed  a  low  temperature  solar 
Rankine  cycle  which  uses  HFC-134a  as  working  fluid  in  which 
the  mechanical  power  derived  from  expander  was  used  to  run  the 
pumps  of  RO  system.  From  basic  mass  and  energy  balance  it  was 
found  that  the  fresh  water  production  of  the  system  would  be 
around  1012  m3/year  with  an  specific  energy  consumption  of 
2.5  kWh/m3.  The  laboratory  scale  experiments  with  reverse  run¬ 
ning  scroll  compressor  as  expander  and  100  kW  electric  heater 
confirmed  that  the  power  output  was  sufficient  to  operate  RO  unit 
with  a  capacity  of  280  1/h  [160], 

Delgado-Torres  et  al.  [161  ]  proposed  and  carried  out  theoretical 
studies  with  solar  thermal  powered  RO  system  equipped  with 
pressure  exchanger  in  which  condensing  organic  fluid  was  used  to 
preheat  the  feed  water  of  the  RO  unit.  Preheating  of  feed  water  has 
only  little  effect  on  distillate  yield  and  the  fresh  water  production 
rate  with  toluene  as  working  fluid  in  organic  Rankine  cycle  was 
higher  than  the  yield  obtained  by  using  octamethylcyclotetrasi- 
loxane  and  hexamethyldisiloxane  as  working  fluid. 


The  performance  of  solar  operated  double  cascade  organic 
Rankine  cycle  integrated  with  RO  unit  was  studied  by  Delgado- 
Torres  and  Garcia-Rodriguez  [162],  The  plant  was  analyzed  with 
toluene  and  hexamethyldisiloxane  as  working  fluid  for  topping 
cycle  and  iso-pentane  as  working  fluid  for  bottom  cycle.  The 
power  output  from  top  cycle  was  used  to  run  the  high  pressure 
pump  of  RO  unit  and  the  power  generated  by  the  bottom  cycle  was 
used  to  operate  the  auxiliaries.  The  heat  rejected  from  bottom 
cycle  was  used  to  preheat  the  feedwater  to  RO  unit.  The  perfor¬ 
mance  of  the  system  was  found  to  be  higher  than  the  conventional 
system  driven  by  PV  cells.  For  standalone  system  operation  the  use 
of  hexamethyldisiloxane  as  working  was  found  to  be  more  suitable 
than  toluene.  Bruno  et  al.  [163]  carried  out  simulation  of  solar 
operated  Rankine  cycle  for  RO  desalination  unit  with  different 
working  fluids  and  different  types  of  solar  collectors.  Highest 
organic  Rankine  cycle  efficiency  was  obtained  for  fluids  with  high 
critical  temperature.  Among  the  collectors  studied,  parabolic 
trough  collectors  gave  best  results.  The  cost  of  electricity  produced 
by  the  PV  system  to  drive  RO  desalination  system  was  found  to 
higher  than  the  cost  of  electricity  produced  by  solar  operated 
Rankine  cycle. 

Thermo-economic  analysis  of  solar  organic  Rankine  cycle-RO 
unit  revealed  that  for  the  system  with  energy  recovery  unit  like 
pelton  wheel  turbine  and  pressure  exchanger,  the  unit  water 
production  cost  was  found  to  be  24%  and  24.2%  less  than  the 
system  with  no  energy  recovery  [164],  Only  2%  increase  in 
distillate  production  was  noticed  by  preheating  the  feed  water 
with  rejected  heat  from  condenser  of  solar  organic  Rankine  cycle 
[165],  RO  unit  powered  by  solar  organic  Rankine  cycle  and  PV 
panel  for  supplying  fresh  water  to  Chalki  Island  was  studied  by 
Karellas  et  al.  [166].  The  system  uses  parabolic  trough  collectors 
and  R134a  as  working  fluid.  The  PV  system  was  used  to  supply 
power  to  cooling  pump  and  working  fluid  pump.  The  power 
produced  by  turbine  was  used  for  RO  high  pressure  pump  and 
the  system  is  able  to  generate  fresh  water  of  83,000  m3/year.  The 
cost  of  water  production  is  about  13.63  USD/m3  and  it  can  be 
reduced  to  8.74  USD/m3  if  40%  subsidy  was  included. 

Exergy,  energy  and  cost  evaluation  of  solar  organic  Rankine 
cycle  was  carried  out  by  Nafey  and  Sharaf  [167].  The  working  fluids 
considered  were  butane,  hexane  and  toluene  for  flat  plate  collec¬ 
tor,  compound  parabolic  collector  and  parabolic  trough  collector. 
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Fig.  19.  Solar  organic  Rankine  cycle  powered  RO  unit  [164], 
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The  cycle  was  simulated  under  saturated  and  superheated  condi¬ 
tions  and  was  compared  with  the  results  obtained  with  water  as 
working  fluid.  Parabolic  trough  collectors  were  found  to  be  more 
suitable  for  organic  Rankine  cycle.  Best  power  output  from  the 
system  could  be  was  obtained  with  water  and  toluene  at  reduced 
cost  and  reduced  exergy  destruction.  Penate  and  Garcia-Rodriguez 
[168]  compared  RO  desalination  unit  powered  by  solar  operated 
Rankine  cycle  (with  regeneration  and  superheating)  with  double 
cascade  solar  operated  Rankine  cycle.  Solar  field  requirement  for 
double  cascade  system  was  23%  higher  than  the  solar  operated 
Rankine  cycle  with  regeneration  and  superheating.  This  technol¬ 
ogy  was  found  to  be  more  superior  than  solar  parabolic  trough 
operated  multi  effect  distillation  unit  which  requires  additional 
electricity  for  the  operation  of  accessories. 

Davies  [169]  proposed  a  new  solar  operated  steam  Rankine 
cycle  which  uses  two  pistons  connected  by  crank  mechanism.  The 
steam  generated  by  the  collector  was  used  to  push  the  power 
piston  which  in  turn  pushes  the  pump  piston  containing  feed 
water  against  the  RO  membrane.  For  feed  water  with  salinity 
5000  ppm,  the  fresh  water  production  was  found  to  be  620  1/d/m2 
and  350  1/d/m2  for  the  system  operating  with  parabolic  trough 
collector  and  linear  Fresnel  reflector.  Attia  [170]  proposed  solar 
desalination  system  consisting  of  solar  parabolic  dish  concentrator 
with  spherical  tank  at  its  focal  point  coupled  to  a  pressure  tank 
which  in  turn  coupled  to  RO  unit.  High  temperature  due  to 
reflection  of  sun  rays  by  the  concentrator  causes  evaporation  of 
working  fluid  in  the  spherical  tank  which  increases  the  pressure 
on  one  side  of  the  pressure  tank.  This  pushes  the  piston  of  the 
pressure  tank  containing  sea  water  to  the  other  side  against  the  RO 
membrane  as  a  result  fresh  water  was  produced.  The  fresh  water 
production  would  be  reduced  if  the  required  pressure  for  RO 
membrane  or  the  salinity  of  the  feed  water  was  increased.  The 
schematic  representation  of  the  system  is  shown  in  Fig.  20.  It 
could  be  seen  that  solar  organic  Rankine  cycle  powered  RO 
desalination  with  parabolic  trough  collectors  unit  is  more  attrac¬ 
tive  and  can  be  used  for  standalone  large  scale  operation.  Toluene 
is  an  attractive  working  fluid  for  this  system,  but  safety  measures 
needs  to  be  taken  before  using  it.  Finally,  solar  organic  Rankine 


cycle  powered  RO  desalination  unit  has  the  capacity  to  replace 
solar  powered  MED  desalination  unit. 


3.2.2.  Solar  powered  electrodialysis  (ED) 

Electrodialysis  (ED)  is  the  process  of  removal  of  salts  from 
saline  water  and  the  ED  unit  consists  of  large  number  of  compart¬ 
ments  filled  with  saline  water  and  separated  by  cation  and  anion 
exchange  membranes.  When  DC  polarity  is  applied  across  the 
cathode  and  anode,  the  negative  ions  passes  through  the  anion 
exchange  membrane  and  positive  ions  passes  through  the  cation 
exchange  membranes  and  these  ions  gets  accumulated  in  a 
particular  compartment  and  is  discharged  out  as  brine.  Reversal 
of  polarity  is  usually  followed  every  20  min  to  prevent  deposition 
of  salts  in  the  membranes  [171,172],  The  operating  principle  of  ED 
system  is  shown  in  Fig.  21a.  ED  systems  are  capable  of  treating  the 
brine  disposed  from  RO  plants  [173] 

The  product  flow  rate  from  the  ED  unit  is  given  by  [172] 


i)  x  lc  x  CP 
F  x  AN 


(41) 


The  salt  removal  %  in  ED  unit  is  given  by, 

SR=  (Cf~Cp'>  x  100  (42) 

cf 

The  salt  removal  factor  for  ED  unit  was  found  to  be  95%  and  99% 
for  groundwater  and  NaCl  solution  respectively  [172], 

Lundstrom  [174]  proposed  a  ED  desalination  system  which  uses 
the  cooling  water  preheated  by  concentrated  PV  system  as  its  feed. 
The  ED  system  was  designed  in  such  a  manner  that  its  load  can  be 
varied  according  to  the  power  output  from  the  PV  unit  thereby  the 
size  of  the  battery  was  considerably  reduced.  The  water  produc¬ 
tion  cost/m3  for  the  plant  with  a  PV  array  cost  of  5  USD/W  and 
10  USD/W  was  found  to  be  3.248  USD  and  3.6415  USD  respectively. 
The  water  production  cost  of  gasoline  operated  ED  plant  of  same 
capacity  was  found  to  be  3.038  USD/m3.  The  solar  powered  ED 
desalination  system  is  suitable  for  (a)  areas  having  less  or  no 
electric  power,  (b)  areas  with  no  access  to  low  cost  fuel  supply  and 
(c)  areas  with  abundant  sunshine. 
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Fig.  20.  RO  unit  using  solar  energy  as  pressure  source  [170], 
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Fig.  21.  (a)  Operation  principle  of  electrodialysis  unit  [171]  and  (b)  solar  PV  powered  electrodialysis  unit  with  partially  desalinated  water  storage  tank  [175], 


Kuroda  et  al.  [175]  proposed  and  demonstrated  a  novel  solar  PV 
powered  ED  sea  water  desalination  plant.  The  schematic  repre¬ 
sentation  of  the  system  is  shown  in  Fig.  21b.  During  the  times  of 
strong  solar  radiation  the  large  PV  power  output  was  used  to 
partially  desalinate  the  feed  sea  water.  The  partially  desalinated 
water  was  desalinated  to  fresh  water  during  the  times  of  low  solar 
radiation  thereby  the  capacity  of  battery  was  reduced. 

Batteryless  PV  powered  ED  desalination  system  of  capacity 
1000  1/d  installed  at  Tanote,  Thar  Desert,  India  showed  satisfactory 
performance  during  one  year  field  test  and  was  found  to  be 
reliable  for  rural  and  remote  locations.  The  system  consists  of  PV 
array  (450  W)  which  was  manually  tracked  three  times  a  day 
(south-east,  south,  south-west)  and  one  time  a  month(north- 
south  tilt).  The  plant  was  operated  every  day  from  8:30  am  to 


4:30  pm  supplying  drinking  water  to  Border  Security  Forces 
and  local  inhabitants  [176].  Ishimaru  [177]  carried  out  experi¬ 
mental  studies  with  solar  PV  powered  ED  desalination  unit  at 
Fukue  city,  Nagasaki.  The  PV  system  efficiency  and  overall  system 
efficiency  was  found  to  vary  between  6.8-10.5%  and  6.0-8.2% 
respectively.  The  water  production  was  found  to  vary  between 
200  m3/d  and  375  m3/d  and  the  electric  power  consumption/m3  of 
water  produced  was  found  to  be  lower  than  the  designed  value  of 
1.92  kWh/m3. 

Mathematical  modeling  of  battery  less  solar  PV  operated  ED 
unit  was  studied  by  Ortiz  et  al.  [178].  The  proposed  model  was 
capable  of  predicting  the  number  of  PV  modules,  volume  of 
brackish  water  needed  and  variation  of  concentration  for  input 
variables  like  climatic  conditions,  stream  flow  rates  and  required 
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Fig.  22.  (a)  Effect  of  feed  water  salinity  on  water  production  and  electric  power  consumption  of  solar  PV  powered  electrodialysis  [179]  and  (b)  effect  of  feed  water  salinity  on 
desalination  time  required  by  solar  PV  powered  electrodialysis  [179], 


fresh  water.  The  results  of  mathematical  model  were  compared 
with  experimental  results  and  were  found  to  be  closer  [179],  The 
power  consumption,  water  production  cost  and  desalination  time 
for  feed  waters  of  different  salinity  level  is  shown  in  Fig.  22a  and  b 
respectively.  It  could  be  seen  as  the  conductivity  (salinity)  of  feed 
increases  desalination  time,  water  production  cost  and  power 
consumption  also  increases. 


3.2.3.  Solar  powered  membrane  distillation  (MD) 

Membrane  distillation  is  a  separation  process  in  which  only 
vapors  are  allowed  to  pass  through  a  porous  hydrophobic  mem¬ 
brane.  The  separation  is  achieved  because  of  the  vapor  pressure 
differences  between  the  membrane  surfaces.  There  are  mainly 
four  types  of  membrane  distillation  processes  namely  air  gap 


membrane  distillation,  sweeping  gas  distillation,  direct  contact 
membrane  distillation  and  vacuum  membrane  distillation  [180].  In 
all  these  processes  the  hot  feed  solution  is  in  direct  contact  with 
the  membrane  surface.  The  salient  features  of  each  membrane 
distillation  process  are  shown  in  Fig.  23.  A  typical  solar  powered 
membrane  distillation  unit  is  shown  in  Fig.  24. 

The  membranes  used  for  membrane  distillation  process  must 
be  highly  hydrophobic,  highly  porous  and  must  have  low  thermal 
conductivity.  The  permeate  flux  increases  with  the  increase  in 
pore  size  and  reduction  in  membrane  thickness.  The  operating 
parameters  like  feed  water  temperature,  flow  rate,  thickness  of  air 
gap,  thickness  of  membrane,  thermal  conductivity  of  membrane, 
porosity,  tortuosity  and  long  term  operations  have  effects  on 
distillate  yield  [181],  The  comparison  between  different  mem¬ 
brane  modules  is  shown  in  Table  5. 
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Fig.  23.  Types  of  membrane  distillation  processes  [180]. 
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Fig.  24.  Solar  powered  membrane  distillation  unit  [180], 


Membrane  porosity  is  given  by  [181] 


e=l  — 


Pm 

Ppol 


Membrane  tortusity  is  given  by 
(2-e)2 

T  = - 

e 

Mass  flux  transport  in  DCMD  is  given  by 


/  _  1 _ g  DPMwAp 

Jw~P„irz8  RT 


Mass  flux  transport  in  AGMD  is  given  by 


Jw  — 


PMW  /  D 


A  P 


Mass  flux  transport  in  VMD  is  given  by 


Jw  — 


RT<5r 


2  /  8RT\  1/2  ,  r4 

3\m^J  ^  +  8 /avg 


A  P 


Mass  flux  transport  in  SGMD  can  be  calculated  from  the  formula 
used  for  DCMD. 

(43)  Experimental  and  numerical  studies  were  carried  out  by 
different  researchers  around  the  globe  for  evaluating  the  feasibility 
of  carrying  out  membrane  distillation  process  using  solar  energy 
for  producing  potable  water. 

(44)  Hogan  et  al.  [182]  carried  out  both  simulation  and  experimen¬ 
tal  studies  on  solar  powered  membrane  distillation  system  produ¬ 
cing  domestic  drinking  water  in  arid  rural  regions  of  Australia.  The 
models  created  using  mass  and  energy  balances  were  coded 

(45)  using  FORTRAN  and  simulated  using  TRNSYS.  Increasing  effective 
membrane  area  for  a  constant  flow  rate  and  feed  temperature 
increased  distillate  production  rate  and  maximum  heat  recovery 
rate.  Comparison  of  water  production  costs  for  different  solar 

(46)  powered  membrane  distillation  systems  were  carried  out  by 
Saffarini  et  al.  [183].  For  a  recovery  ratio  of  4.4%,  the  water 
production  cost  for  direct  contact  membrane  distillation,  air  gap 
membrane  distillation  and  vacuum  membrane  distillation  were 

(47)  found  to  be  12.7  USD/m3, 18.26  USD/m3  and  16.02  USD/m3  respec¬ 
tively.  Multi-staging  of  distillation  process,  increasing  effective 


1108 


H.  Sharon,  K.S.  Reddy  /  Renewable  and  Sustainable  Energy  Reviews  41  (2015)  1080-1118 


membrane  length,  decreasing  the  air  gap  width  and  feed  channel 
depth  would  reduce  the  water  production  cost  of  air  gap  mem¬ 
brane  distillation  process. 

Summers  et  al.  [184]  used  theoretical  models  to  compare  the 
energy  efficiency  of  different  membrane  distillation  desalination 
systems.  The  comparison  was  made  on  the  basis  of  gained  output 
ratio  (GOR)  which  is  defined  as  the  ratio  of  latent  heat  of 
evaporation  of  a  unit  mass  of  product  water  to  the  amount  of 
energy  used  by  the  desalination  system  to  produce  unit  mass  of 
product.  Increased  GOR  was  noticed  for  direct  contact  membrane 
distillation  and  air  gap  membrane  distillation  system  by  increasing 
the  effective  membrane  length  and  feed  water  inlet  temperature. 
GOR  of  the  vacuum  membrane  distillation  was  found  to  be  lower 
than  all  other  systems  and  the  GOR  of  the  multistage  vacuum 
membrane  distillation  could  be  achieved  by  single  stage  air  gap 
membrane  distillation  system  and  direct  contact  membrane  distilla¬ 
tion  without  the  use  of  additional  energy  for  vacuum  pumps.  GOR  of 
air  gap  membrane  distillation  would  be  increased  if  the  air  gap  width 
is  increased.  Chang  et  al.  [185]  carried  out  experiments  with  fully 
automated  solar  membrane  distillation  desalination  system  which 
consists  of  hot  and  cold  fluid  thermostat,  thermal  storage  tank,  air 
gap  membrane  distillation,  pumps  and  energy  recovery  unit.  The  hot 
thermostat  simulates  the  solar  absorber  using  the  predefined  values 
for  solar  radiation.  Distillate  yield  of  the  system  was  found  to  be 
0.258  kg/d  for  sunny  day  and  0.142  kg/d  for  cloudy  day. 

Asadi  et  al.  [186]  used  membrane  distillation  process  to  treat 
saline  oily  waste  water  from  Sarkhon  gas  refinery,  Iran.  The 
membrane  used  was  hydrophilic  and  was  made  from  nonporous 
polymeric  material.  Six  nonporous  black  hydrophilic  membrane 
bags  (pore  size  5-10  A)  filled  with  saline  oily  waste  water  and 
covered  with  ethylene  tetrafluoroethylene  foil  were  exposed  to 
solar  radiation.  The  water  gets  heated  up  and  it  permeates  through 
the  membrane  wall  and  evaporates  on  the  outer  surface  of  the 


black  membrane  due  to  pervaporation  which  is  a  combination  of 
membrane  permeation  and  evaporation.  The  distillate  was  col¬ 
lected  along  the  sides  of  the  cover  foil  and  was  found  to  be  1.3  1/d/ 
m2  of  membrane  area.  The  process  was  not  found  to  be  economical 
but  the  product  water  quality  was  found  to  be  better  than  the 
quality  set  by  the  Iranian  Irrigation  Board.  The  properties  of 
Sarkhon  gas  refinery  oily  waste  saline  water  and  purified  water 
is  shown  in  Table  6.  Zwijnenberg  et  al.  [187]  studied  the  solar 
driven  desalination  process  using  membrane  pervaporation.  The 
experiments  were  carried  out  with  sea  water  from  North  Sea,  de¬ 
oiled  formation  water  from  Oman  oil-well  and  artificial  sea  water. 
The  distillate  was  found  to  be  of  high  quality  and  the  distillate  flux 
was  not  affected  by  feed  concentration  and  fouling. 

Five  year  performance  of  solar  membrane  distillation  demon¬ 
stration  plant  installed  in  Pozo  Izquierdo-Gran  Canaria  Island 
(Spain),  was  found  to  be  satisfactory.  Enhanced  version  of  direct 
contact  membrane  distillation  unit  was  used  for  the  plant  and 
during  the  five  year  operation,  three  times  the  membrane  modules 
were  replaced.  The  distillate  production  was  found  to  vary 
between  5  and  120  1/d  and  is  of  high  quality,  the  specific  thermal 
energy  consumption  of  the  plant  was  in  the  range  of  140- 
350  l<Wh/m3  [188], 

Performance  of  large  scale  solar  MD  desalination  system  using 
numerical  simulation  was  studied  by  Kim  et  al.  [189],  The 
performance  ratio  and  total  distillate  yield  were  affected  by  the 
fiber  length,  packing  density,  feed  and  permeate  inlet  temperature 
and  flow  rate.  The  specific  thermal  energy  consumption  could  be 
reduced  by  increasing  solar  collector  area  and  sea  water  storage 
volume  but  increased  specific  electric  energy  consumption  was 
noticed  with  the  increase  in  solar  collector  area  because  of  the 
requirement  of  high  pumping  power. 

Performance  of  vacuum  membrane  distillation  coupled  with 
salt  gradient  solar  pond  and  solar  collector  was  simulated  by 


Table  5 

Comparison  of  membrane  modules  [181], 


Membrane  module 

Arrangement 

Packing 

density 

Maintenance 

Tendency  to 
fouling 

Energy 

consumption 

Plate  and  frame 
membrane 

Membranes  and  spacers  are  layered  together  between  two 
plates 

Low 

Easy  to  clean  and  replace 

- 

- 

Hollow  fiber 
membrane 

Bundled  hollow  fibers  are  sealed  inside  shell  tube 

Very  high 

Difficult  to  clean  and 
maintain 

High 

Low 

Tubular  membrane 

Tube  shaped  membrane  inserted  between  two  cylindrical 
chambers 

Low 

Easy  to  clean 

Low 

High 

Spiral  wound 
membrane 

Flat  sheet  membrane  and  spacers  rolled  around  a  central 
collector  tube 

High 

- 

Average 

Medium 

Table  6 

Properties  of  the  feed  oily  saline  water  and  the  purified  water  obtained  by  membrane  pervaporation  process  [186]. 

Total  dissolved  solids  (mg/1) 

Conductivity  (ps/cm) 

Chloride  (mg/1) 

Oil  grease  (mg/1) 

Sarkhon  gas  refinery  waste  water 

1991 

3342 

1565 

31.1 

Purified  water 

91 

150 

6.6 

1.12 

Table  7 

Performance  of  large  and  small  solar  powered  membrane  distillation  systems  [191,192]. 

System  type 

Recover  ratio  (%) 

Gained  output  ratio 

Thermal  recovery  ratio 

Energy  consumption 
(kWh/m3) 

Distillate  yield 
(1/d/m2) 

Conductivity  of  distillate 
(ps/cm) 

Large  scale 

Small  scale 

Between  2  and  5 
Between  1  and  4 

0.4-0.7 

0.3-0.9 

0.4-1 

1-2 

200-300 

200-300 

2-11 

19 

20-250 

5 
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Mericq  et  al.  [190],  Four  options  were  considered:  (a)  membrane 
distillation  unit  fed  by  water  from  solar  pond;  (b)  membrane 
distillation  unit  directly  immersed  in  solar  pond;  (c)  membrane 
distillation  unit  fed  by  water  heated  using  solar  collectors  and 
(d)  membrane  distillation  unit  fed  by  water  heated  by  solar 
collector  integrated  with  membrane  distillation  unit.  The  distillate 
yield  obtained  by  supplying  water  preheated  by  solar  collectors 
was  found  to  be  high  and  this  technology  was  found  to  be  simple 
when  compared  to  others.  Even  though  the  cost  of  water  produc¬ 
tion  using  solar  pond  was  low  the  technology  was  more  complex. 

Banat  et  al.  [191,192]  reported  the  performance  of  large 
autonomous  solar  driven  membrane  distillation  plant  in  Aqaba, 
Jordan  and  small  scale  compact  solar  driven  membrane  distillation 
plant  in  Irbid,  Jordan.  The  performance  of  the  systems  is  shown  in 
Table  7.  The  water  production  cost  largely  depends  on  membrane 
life  time  and  plant  life  time.  The  cost  of  water  production  by 
compact  unit  and  large  unit  was  found  to  be  15  USD/m3  and 
18  USD/m3  respectively  [193],  Exergy  efficiency  of  the  compact 
unit  and  large  unit  was  found  to  be  0.01%  and  0.05%  if  the  exergy 
collected  by  the  solar  collector  is  about  0.3%  and  0.5%  for  compact 
and  large  unit  respectively  [194].  Wang  et  al.  [195]  studied  the 
potential  of  solar  heated  hollow  fiber  vacuum  membrane  distilla¬ 
tion  system  for  potable  water  production  from  underground  water 
in  Hangzhou,  China.  Increased  distillate  yield  was  noticed  by 
increasing  feed  flow  rate  and  feed  inlet  temperature  and  reduced 
energy  consumption  was  noticed  by  incorporating  heat 
recovery  unit. 

Banat  et  al.  [196]  studied  the  possibility  of  producing  potable 
water  by  integrating  solar  still  with  shell  and  tube  type  membrane 
distillation  module  in  which  heated  brine  from  solar  still  was  used 
as  feed  for  membrane  distillation  unit.  The  distillate  yield 
increased  as  brine  temperature  and  flow  rate  increased.  The 
distillate  produced  by  solar  still  and  membrane  distillation  unit 
was  found  to  be  20%  and  80%  of  the  total  output.  Removal  of 
arsenic  from  contaminated  ground  water  using  solar  energy 
driven  direct  contact  membrane  distillation  horizontal  module 
was  studied  by  Manna  et  al.  [197].  The  gained  output  ratio, 
thermal  recovery  ratio  and  the  water  flux  were  found  to  be  0.9, 
0.4  and  90  kg/m2  h  at  a  feed  temperature  of  60  °C,  feed  flow  rate  of 
120  kg/h,  permeate  flow  rate  of  150  1/h  and  arsenic  concentration 
of  396  ppb.  The  distillate  yield  decreased  with  the  increase  in 
arsenic  content  in  the  feed  water. 

Numerical  modeling  and  indoor  simulation  of  immediate 
assisted  solar  direct  contact  membrane  distillation  system  in 


which  the  feed  water  would  be  heated  by  the  absorber  attached 
to  the  membrane  module  was  done  by  Chen  and  Ho  [198],  The 
proposed  system  consists  of  a  blackened  absorber  plate  between 
glass  and  polytetrafluoroethylene  membrane  and  parallel  flow  was 
maintained  between  hot  stream  and  cold  stream.  Their  numerical 
study  was  good  in  agreement  with  the  experimental  results  and 
the  maximum  distillate  yield  was  found  to  be  4.1  kg/m2  h.  Guillen- 
Burrieza  et  al.  [199]  experimentally  evaluated  the  performance  of 
an  air  gap  membrane  distillation  solar  desalination  pilot  system 
developed  under  MEDESOL  project.  The  temperature  of  the  feed 
water  and  its  flow  rate  was  found  to  have  more  effect  on  system 
performance  than  the  temperature  and  flow  rate  of  cold  fluid.  The 
performance  ratio  of  the  system  was  below  1  and  it  was  noticed 
that  multistage  three  module  system  was  capable  of  reducing 
thermal  energy  consumption. 

Guillen-Burrieza  et  al.  [200]  experimentally  evaluated  the 
performance  of  two  types  of  air  gap  membrane  distillation  module 
(prototype  A  and  prototype  B)  having  same  configurations.  In 
prototype  A  feed  flow  occurs  through  six  parallel  channels.  In 
prototype  B  feed  flow  occurs  through  two  parallel  channel  and 
three  series  channel.  Increasing  the  feed  flow  rate  has  positive 
impact  on  performance  ratio  for  prototype  A  and  it  has  negative 
effect  on  prototype  B.  The  distillate  flux  for  prototype  A  and 
prototype  B  increased  with  the  increase  in  inlet  feed  water 
temperature  and  flow  rate  and  the  effect  of  salinity  was  less 
pronounced  in  both  the  systems.  Increasing  the  number  of 
modules  from  1  to  3  reduced  external  heat  input  and  increased 
recovery  ratio  and  performance  ratio  of  the  system. 

Energy  consumption  and  water  production  cost  for  different 
membrane  distillation  systems  was  found  to  vary  between  1  and 
9000  kWh/m3  and  0.3  USD/m3  and  130  USD/m3  respectively.  The 
cost  related  with  pre-treatment,  optimum  flow  conditions,  fouling 
and  membrane  life  were  not  available  to  a  satisfactory  level.  Water 
production  cost  using  membrane  distillation  technologies  could  be 
reduced  by  using  renewable  energy  technologies  and  brine  man¬ 
agement  technologies  [201].  Specific  energy  consumption  was 
found  be  higher  and  gained  output  ratio  (GOR)  was  found  to  be 
lower  for  solar  powered  membrane  distillation  systems.  Solar 
powered  membrane  distillation  systems  could  not  compete  with 
other  thermal  desalination  technologies  and  it  could  be  used  in 
combination  with  other  thermal  desalination  systems  to  desali¬ 
nate  hot  brine  [202],  Ong  et  al.  [203]  proposed  the  concept  of 
integrating  multi  effect  membrane  distillation  unit  with  high 
concentration  photovoltaic  system  to  produce  potable  water  by 


Brine  Tank  Fresh  Water  Tank 


Fig.  25.  Forward  osmosis  unit  using  NH3-C02  as  draw  solution.  [211]. 
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utilizing  the  heat  carried  by  the  cooling  water  of  concentrated 
photovoltaic  system.  Economical  operation  of  solar  powered 
membrane  distillation  unit  could  be  achieved  by  heat  recovery 
using  external  heat  exchangers  and  the  yield  could  be  increased  by 
increasing  the  effective  surface  area  of  membrane  or  by  decreasing 
the  flow  rate  of  both  feed  and  permeate  [204]. 

Thermal  efficiency  of  MD  unit  is  given  by  [201] 


JwAhfg 

T~  Qm 

Energy  efficiency  of  MD  unit  is  given  by 
JwAhfg 

e  =  ~e- — 


Gained  output  ratio  (GOR)  is  given  by 


GOR  = 


eT 


AT MD.module 

ATmd  +  ATHe 


(48) 


(49) 


(50) 


3.2.4.  Forward  osmosis  (FO) 

Forward  osmosis  is  a  process  in  which  the  water  molecules 
from  saline  water  moves  through  the  semi-permeable  membrane 
towards  the  draw  solution  which  is  maintained  at  higher  concen¬ 
tration  than  the  feed  solution.  FO  mainly  uses  osmotic  pressure 
gradient  and  not  the  hydraulic  pressure  gradient  [205].  Forward 
osmosis  is  being  widely  studied  for  desalination,  the  recent 
technologies  and  challenges  associated  with  this  can  be  found  in 
[206], 

The  water  flux  transport  in  FO  process  is  given  by  [207] 

Jw  =  A(aDnD  -  Ofjif)  (51 ) 

Desalination  of  sea  water  by  direct  osmosis  using  hypertonic 
glucose  solution  as  draw  solution  to  produce  potable  water  in 
lifeboats  during  emergency  purposes  was  carried  out  successfully 


Table  S 

Effect  of  temperature  of  draw  solution  and  brackish  water  on  water  flux  for 
different  draw  solution  concentration  [213], 


Draw  solution 

Water  flux  (pm/s) 

concentration  (M) 

DS25 °C- 

DS35 °C- 

DS25 °C- 

DS45 °C- 

BW25  °C 

BW25  °C 

BW35  °C 

BW45  °C 

1.0 

2.4 

2.6 

2.4 

3.4 

3.0 

4.5 

4.8 

4.7 

7 

DS  -  draw  solution  and  BW  -  brackish  water. 


by  Kravath  and  Davis  [208],  Novel  process  of  using  ammonia- 
carbon  dioxide  as  draw  solution  for  FO  was  studied  by  McCutch- 
eon  et  al.  [209].  High  water  flux  was  obtained  and  it  was 
concluded  that  the  conventional  RO  membrane  was  not  suitable 
for  FO  because  of  higher  internal  concentration  polarization 
caused  by  higher  concentration  of  draw  solution.  The  performance 
of  the  FO  unit  can  be  further  improved  by  improving  the 
membrane  to  withstand  higher  internal  concentration  polarization 
[210],  The  schematic  representation  of  the  FO  system  [211]  is 
shown  in  Fig.  25. 

Zhao  et  al.  [212]  compared  the  desalination  of  brackish  water 
with  salinity  3970  mg/1  using  forward  osmosis-nanofiltration  (FO- 
NF),  nano-filtration  (NF)  and  reverse  osmosis  (RO).  The  mem¬ 
branes  used  were  flat  sheet  cellulose  triacetate  FO  membrane 
NF270  (polyamide  TFC)  and  BW30LE  (polyamide  TFC)  for  nanofil¬ 
tration  (NF)  and  reverse  osmosis  (RO).  Direct  NF  was  not  suitable 
for  treating  brackish  water  and  RO  process  requires  high  pressure 
of  30  bar.  Treating  brackish  water  with  FO  unit  is  found  to  be  a 
better  option  which  uses  1.5  M  Na2S04  solution  as  draw  solution. 
Due  to  osmotic  pressure  difference  the  water  molecules  from 
brackish  water  diffuses  into  the  draw  solution  resulting  in  the 
dilution  of  Na2S04  solution  which  was  further  desalted  using 
nano-filtration  to  get  fresh  water. 

Phuntsho  et  al.  [213]  studied  the  effect  of  draw  solution  and 
feed  solution  on  water  flux  in  forward  osmosis.  The  draw  solution 
was  KCL  solution  of  concentration  varying  from  0.5  to  3.0  M.  The 
feed  solution  of  NaCl  solution  (5  g/1  NaCl)  prepared  in  deionised 
water  resembled  brackish  water.  The  experiments  were  carried 
out  by  varying  the  temperature  of  feed  and  draw  solution  between 
25  °C  and  45  °C.  The  membrane  used  was  cellulose  triacetate 
forward  osmosis  membrane.  It  was  noted  that  the  water  flux 
increases  with  the  increase  in  draw  solution  concentration  and 
temperature.  The  effect  of  heating  the  draw  solution  from  25  °C  to 
45  °C  caused  21%  increase  in  flux  while  heating  of  feed  solution 
caused  only  15%  increase  in  flux.  The  effect  of  draw  solution 
concentration  and  feed  water  and  draw  solution  temperature  on 
water  flux  is  shown  in  Table  8. 

Li  et  al.  [214]  carried  out  investigation  of  composite  polymer 
hydrogel  as  draw  agent  for  forward  osmosis.  Composite  polymer 
hydrogel  was  prepared  by  incorporating  carbon  particles  and  the 
size  of  the  prepared  hydrogels  varies  between  100-200  pm  and 
500-700  pm.  The  prepared  hydrogel  was  placed  on  the  active  side 
of  the  semi-permeable  membrane  and  NaCl  solution  was  used  as 
feed  solution.  The  water  from  feed  solution  passes  through  the 
membrane  and  it  gets  adsorbed  by  the  polymer  hydrogel  which 
makes  it  to  swell  and  the  water  can  be  recovered  by  external 
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Fig.  26.  Forward  osmosis  unit  proposed  by  Trevi  systems  [217]. 
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Table  9 

Distinct  features  of  in-direct  solar  desalination  systems  (membrane  processes). 


Solar  PV  powered  RO  [144,146,155]  Solar  thermal  powered  RO  [159] 


Electrodialysis  [219] 


Ease  of  operation 

Flexibility  in  capacity  expansion 

Operation  in  ambient  temperature 
Can  be  built  as  portable  or  compact  unit 
Highly  suitable  for  treating  brackish  water 
and  ground  water 
Low  power  consumption 


Low  temperature  energy  is  used 

Mechanical  work  is  directly  used  to  run  RO  pump 

with  no  loss  in  efficiency 

Low  operating  and  maintenance  cost 

Environmental  friendly  due  to  absence  of  batteries 

Non-skilled  labor  can  be  employed 

Flexible  operation 


Membranes  usually  have  short  life  time  System  is  safe,  since  no  electricity  is  involved 
Pre-treatment  of  feed  water  is  required 


Biological  fouling  of  membrane  is  possible 


High  water  recovery 

Membranes  have  longer  life  because  of  better  stability 

Reduced  membrane  fouling  or  scaling 
Less  raw  water  pre-treatment  is  required 
Easy  start  up  and  shut  down  of  the  plant 

Can  be  operated  with  DC  mode  hence  no  inverter  is  needed  hence 

reduced  losses 

Operation  at  low  pressures 

Non-ionic  substances  and  micro-organisms  remain  in  the  product 
water 

Reversal  of  polarity  is  needed  for  every  20  min  to  prevent  salt 
deposition  on  the  membranes 

Energy  consumption  and  product  water  cost  increases  with 
salinity  of  feedwater 


Table  10 

Distinct  features  of  in-direct  solar  desalination  systems  (membrane  processes). 


Membrane  distillation  [180,181,220,221] 

Forward  osmosis  [205] 

Pipe  lines  are  thinner  due  to  the  absence  of  high  pressure 

Reduced  leakage  compared  to  RO 

Highly  saline  feed  can  be  treated 

Operation  is  simpler  compared  to  RO 

Feed  water  pre-treatment  is  not  necessary 

System  efficiency  is  independent  of  feedwater  salinity 

Low  temperature  operation 

Membrane  wetting 

Large  membrane  surface  area  is  required  because  of  low  driving  force 
Membranes  are  expensive 

Operation  under  low  or  no  hydraulic  pressure 
High  salt  rejection 

Less  membrane  fouling 

Equipment  is  simple 

Membrane  needs  less  support 

Low  energy  use  and  low  operating  temperature 
Lack  of  efficient  draw  solution  recovery  process 
Lack  of  high  performance  membrane 

stimuli  like  solar  radiation  etc.  The  water  flux  decreased  with  the  4. 

Discussion 

increase  in  size  of  polymer  hydrogel  and  with  the  increase  in  feed 
solution  concentration.  The  performance  of  cellulose  triacetate 
membrane  (FO)  was  better  than  thin  film  polyamide  RO  mem¬ 
brane  because  of  hydrophobicity  of  RO  membrane  and  increased 
thickness  of  RO  membrane. 

The  swelling  ratio  of  polymer  hydrogels  is  given  by  [214] 


SWR  = 


Ws-Wd 

Wr, 


(52) 


In  previous  sections,  different  types  of  solar  based  desalination 
systems,  their  advantages  and  disadvantages  have  been  discussed. 
The  review  on  desalination  systems  will  be  incomplete  if  the 
problems  associated  with  desalination  units  and  its  solutions  are 
not  discussed.  This  section  deals  with  the  discussion  on  problems 
associated  with  desalination  units  and  its  solution. 

4.3.  Corrosion  and  scaling  in  desalination  units 


The  water  flux  obtained  is  given  by 


Khaydarov  et  al.  [215]  developed  a  direct  osmosis  desalination 
system  of  capacity  1  m3/h  which  uses  diethyl  ether  solution 
(100  ml/1)  as  draw  solution,  RE-1812-LP  reverse  osmotic  mem¬ 
brane  and  water  from  Aral  sea  region  as  feed  solution  in  which 
solar  energy  was  used  to  heat  the  dilute  draw  solution  to  separate 
the  water  from  diethyl  ether.  The  energy  consumption  of  this  unit 
is  0.5  kWh/m3  in  comparison  with  2-5  kWh/m3  for  RO  and 
2-4  kWh/m3  for  MSF  and  MED.  The  system  showed  shorter  life 
time  due  to  the  damage  of  the  membrane  caused  by  diethyl  ether. 
Commercial  solar  FO  system  has  been  developed  by  Trevi  systems 
uses  a  novel  draw  solution  (RTS-2300).  The  osmotic  driving  force 
of  draw  solution  was  over  5000  psi  and  as  a  result  membrane  of 
less  surface  area  is  sufficient  for  treating  feed  waters  [216],  The 
schematic  representation  of  their  system  [217]  is  shown  in  Fig.  26. 
The  energy  consumption  of  forward  osmosis  system  is  lower  than 
the  reverse  osmosis  system  of  same  capacity  [218].  The  distinct 
features  of  various  in-direct  solar  desalination  systems  (membrane 
process)  are  shown  in  Tables  9  and  10. 


In  solar  based  desalination  systems  the  cost  of  materials  and  its 
maintenance  occupy  a  major  part  of  the  capital  cost  and  variable 
cost.  Hence,  proper  selection  of  corrosion  free  materials  will  result 
in  increased  system  reliability  and  life  time  which  is  highly  needed 
for  remote  and  rural  applications.  The  non-condensable  gases 
released  during  flashing  or  evaporation  in  thermal  desalination 
systems  causes  corrosion  of  heat  transfer  surfaces  resulting  in 
contamination  of  distillate  with  Cu  and  Ni  ions.  Carbon  steel 
replaced  by  copper-nickel  alloys  (10%  Ni-90%  Cu  and  30% 
Ni-70%  Cu)  for  heat  transfer  surfaces  in  distillation  units  has 
prevented  the  contamination  of  distillate  by  metal  ions  and  has 
reduced  the  weight  of  the  units.  Occurrence  of  corrosion  in  RO 
units  will  cause  blockage  of  membrane  passages  and  these 
problems  can  be  avoided  if  high  grade  stainless  steel  or  duplex 
steel  materials  are  used  [222],  The  life  time  of  thermal  desalina¬ 
tion  units  can  be  increased  to  50  years  if  corrosion  free  materials 
like  stainless  steel,  duplex  steel  and  titanium  are  used  [223],  The 
corrosion  occurring  in  saline  water  intake,  discharge  and  distillate 
water  discharge  units  can  be  avoided  by  using  fiber  glass  pipes 
which  can  withstand  high  pressure  and  temperature  of  50  bar  and 
110  °C  [224], 
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Fig.  27.  Water  production  cost  of  solar  powered  desalination  units  [233], 


Fig.  28.  Mitigation  of  environmental  impacts  of  desalination  units  [236], 


Scaling  is  caused  due  to  the  deposition  of  CaC03  and  Mg(OH)2 
present  in  sea  water  over  the  tube  surfaces  of  evaporator  and 
condenser.  The  scales  are  multilayered  and  are  of  varying  compo¬ 
sition.  The  condenser  units  are  generally  affected  by  pitting 
corrosion,  fatigue  corrosion  and  circumferential  cracks  [225],  The 
HCO,  ion  in  water  plays  an  important  role  in  scale  formation.At 
moderate  temperature  decomposition  of  HCO^  ion  occurs  as  per 
Eq.  (54) 

2HC03“  =0)3“  +C02+H20  (54) 

to  cause  precipitation  of  CaC03At  high  temperatures  C03  ion 
hydrolyzes  as  per  Eq.  (55) 

CO^  +H20  =  20H-  +  C02  (55) 

causing  precipitation  of  Mg(OH)2. 

4.2.  Fouling  of  desalination  membranes 

Fouling  of  RO  membranes  is  caused  due  to  concentration 
polarization  which  is  defined  as  the  presence  of  rejected  species 
along  the  membrane  surface  at  a  concentration  higher  than  the 
concentration  of  bulk  feed  solution.  Fouling  results  in  reduced  flux 
output  and  permeate  of  very  poor  quality.  Fouling  in  RO  mem¬ 
brane  is  caused  by  (1)  inorganic  compounds,  (2)  particulate  matter 
and  (3)  organic  compounds  (bacterial  growth).  The  tendency  of 


membrane  fouling  can  be  reduced  by  (1)  direct  method  (promot¬ 
ing  turbulence,  periodic  depressurization,  flow  reversal,  pre¬ 
coating  of  membrane  surface  and  modification  of  membrane 
polymer  structure),  (2)  modification  of  membrane  configuration 
and  operating  conditions,  (3)  regular  membrane  cleaning  and 
(4)  pretreatment  of  feed  [226]. 

Fouling  of  MD  membranes  are  mainly  caused  due  to  deposition 
of  CaC03  and  CaS04  which  causes  50%  reduction  in  process 
efficiency.  Fouling  rate  in  MD  membranes  can  be  reduced  by 
(1)  increasing  the  feed  flow  rate,  (2)  lowering  feed  temperature, 
(3)  partial  cleaning  of  fouling  layer  (complete  removal  of  the  layer 
may  cause  wettability  of  hydrophobic  membrane  and  may  result 
in  scaling  in  membrane  pores).  The  fouling  layer  in  MD  membrane 
is  of  porous  type  (causes  reduced  mass  transfer  because  of 
increased  temperature  resistance)  and  non-porous  type  (increased 
mass  transfer  resistance  leading  to  zero  permeate  flux)  [227], 
Because  of  reduced  pressure  operation  of  FO  compared  to  RO  the 
scale  layers  are  loosely  packed  and  can  be  easily  cleaned.  The 
fouling  in  FO  membranes  can  be  reduced  by  (1 )  selection  of  proper 
draw  solution  and  (2)  increasing  cross  flow  velocity  [228,229]. 

4.3.  Water  production  cost 

The  water  production  cost  of  desalination  units  depends  on  (1) 
capital  cost:  cost  of  land,  cost  of  equipments  and  installation  cost 
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Table  11 

Performance  comparison  of  desalination  technologies. 


Desalination  technology 

Plant  capacity 

(m3/d) 

Specific  energy  consumption 
(kWh/m3) 

Gain  output  ratio/performance 
ratio  (GOR/PR) 

Efficiency 

(%) 

Recovery 
ratio  (%) 

Direct  desalination 

Solar  still  [7,201,233] 

<100 

640 

<1 

30-40 

NA 

Solar  humidification-dehumidification  [63,233] 

1-100 

31.1 

0.5-2.75  (GOR) 

40-58 

Solar  chimney  integrated  desalination  [69,71] 

69,462- 
92,616  tons /a 

NA 

NA 

55.35 

NA 

3807.1  kg/s 

NA 

NA 

46.0 

NA 

Indirect  desalination  thermal  process 

Solar  multi-stage  flash  [4,6,76,105] 

0.009-10 

<144 

6.5-8.0  (GOR.12  stages) 

1.7-3.3  (PR, 4  stage) 

0.7-0.9  (PR,  single  stage) 

NA 

0.6-6 

Solar  multi  effect  distillation  [6] 

20-3000 

2. 5-8.0  (electric) 

50-194  (thermal) 

9.3-10.7  (GOR,  14  effect) 

12.4  (GOR,  18  effect) 

11.0  (PR,  14  stage + adsorption  heat 
pump) 

NA 

6-38 

Solar  mechanical  vapor  compression  [99] 

120 

14-25 

NA 

NA 

44 

Freeze  desalination  [6] 

48-178 

108.0 

NA 

NA 

NA 

Adsorption  desalination  [127,131] 

NA 

38.01-63.95 

10.16-17.10  (PR) 

NA 

NA 

10 

NA 

0.61  (PR) 

NA 

NA 

Natural  vacuum  desalination  [109] 

13.9  kg/d 

416.0 

1.42  (PR) 

NA 

NA 

Multi  effect  regeneration  system  [103] 

135  kg/h 

NA 

2.35  (PR) 

NA 

NA 

Multi  stage  evacuated  system  [104] 

53.2  kg/d 

NA 

NA 

53.9 

NA 

Membrane  processes 

Solar  electrodialysis  [171,172,177] 

1-200 

0.8-1.0 

NA 

8.5 

20-95 

Solar  reverse  osmosis 

(organic  Rankine  cycle  based)  [156,159,168] 

1000-5000 

2.1 -3.0 

NA 

20-25 

20 

Solar  reverse  osmosis  (PV  based)  [6,233] 

<100 

1. 5-6.0 

NA 

NA 

10-51 

Solar  membrane  distillation  [6,201] 

0.5-29.75  l/m2h 

1.2-9079.5 

0.5-8.1  (GOR) 

NA 

3-5 

Forward  osmosis  [7,205,208] 

1  m3/h 

1.0 

NA 

NA 

NA 

NA 

0.25-0.84 

NA 

NA 

NA 

NA  -  not  available. 


and  (2)  operating  cost:  cost  of  energy,  maintenance  and  replace¬ 
ment  cost.  The  energy  cost  and  capital  cost  occupies  nearly  81%  of 
total  water  production  cost  of  conventional  RO  units.  The  water 
production  cost  of  MD  unit  will  be  lower  than  RO  unit  if  waste 
heat  is  available.  In  case  of  thermal  desalination  units  (MSF  and 
MED),  the  cost  of  evaporator  and  condenser  units  contribute  50% 
of  water  production  cost.  The  cost  of  water  production  from  VC 
units  are  higher  and  can  be  made  equivalent  to  MED  or  MSF  by 
integrating  VC  with  MED  or  MSF  units  [230,231  ].  Brackish  water  of 
salinity  around  2000  ppm  can  be  treated  at  a  cost  lower  than  RO 
units  by  solar  PV  powered  ED  units  [232].  The  energy  cost  of  the 
desalination  units  can  be  reduced  by  integrating  desalination  units 
with  power  plants  or  with  renewable  energy  sources  [233],  The 
water  production  cost  of  solar  powered  desalination  units  is 
shown  in  Fig.  27. 

4.4.  Desalination  and  environment 

Desalination  plants  play  an  important  role  in  satisfying  the 
fresh  water  demands  of  huge  population  around  the  globe  but 
these  technologies  also  have  some  negative  impacts  on  environ¬ 
ment.  The  negative  impacts  are  mainly  due  to  (1)  leakage  of  sea 
water  intake  pipeline  causing  damage  to  aquifers,  (2)  brine  and 
pre-treatment  chemical  disposal  affecting  marine  ecosystem, 
(3)  huge  energy  demands  causing  increased  green  house  gas 
emissions.  High  temperature  and  high  dense  brine  disposal  affects 
corals  and  grass  prairies  of  sea  bed  which  are  habitat  to  fishes  and 
invertebrates  [234],  The  reduction  in  green  house  gases  can  be 
achieved  by  integrating  desalination  units  with  renewable  energy 
and  by  using  energy  recovery  devices  as  in  case  of  RO  and  multi 
effect  systems.  Impacts  arising  due  to  disposal  of  brine  can  be 
reduced  by  discharging  brine  in  hydrodynamic  turbulent  condi¬ 
tions  and  by  using  the  brine  for  aquaculture  and  irrigation  (salt 


resistant  crop  cultivation)  by  reducing  its  salinity  [235],  The  steps 
to  be  followed  to  reduce  the  impact  of  desalination  on  environ¬ 
ment  [236]  is  shown  in  Fig.  28. 

A  comprehensive  performance  analysis  of  all  desalination 
technologies  in  terms  of  various  performance  parameters  such  as 
specific  energy  consumption,  performance  ratio,  efficiency  and 
recovery  ratio  is  illustrated  in  Table  11.  It  could  be  seen  from 
Table  11  that  the  energy  consumption  of  membrane  process  is 
lower  than  other  processes.  Forward  osmosis  process  is  found  be  a 
more  promising  membrane  desalination  technique  with  minimal 
energy  consumption  followed  by  electrodialysis  and  reverse 
osmosis.  The  performance  of  thermal  systems  is  found  to  be 
increased  by  increasing  the  number  of  effects  (i.e.  utilization  of 
latent  heat  of  condensation)  and  by  cogeneration  and  it  could  be 
justified  from  the  efficiency  of  solar  chimney  (both  distilled  water 
and  power  are  produced)  and  multi  effect  desalination  units 
(latent  heat  of  condensation  is  utilized).  The  energy  consumption 
of  solar  still  is  found  to  be  larger  due  to  loss  of  heat  of  condensa¬ 
tion  to  the  ambient. 

4.5.  General  comments  on  solar  operated  desalination  units 

•  Solar  stills  are  cheap  but  occupies  large  area  and  are  suitable 
only  for  small  scale  water  production. 

•  Combined  power  and  potable  water  production  with  solar 
chimney  integrated  is  attractive  but  it  could  be  possible  only 
if  large  amount  of  waste  lands  or  coastal  regions  are  available. 

•  MSF,  MED  and  VC  systems  are  more  matured  technologies  and 
can  be  easily  coupled  with  solar  energy  for  large  scale  water 
production  but  their  long  term  operating  nature  when  inte¬ 
grated  with  solar  energy  systems  has  not  been  reported. 

•  Natural  vacuum  solar  desalination  system  can  be  integrated 
with  tall  buildings  and  mountains  in  remote  areas. 
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•  Adsorption  desalination  which  produces  both  potable  water 
and  chilling  effect  is  found  to  be  more  suitable  for  areas  (food 
processing  and  dairy  processing)  where  both  refrigeration  and 
potable  water  are  required.  Integration  of  the  system  with  solar 
is  possible  and  more  on  field  tests  are  required  to  prove  its  long 
term  performance. 

•  Theoretically  freeze  desalination  requires  less  energy  than 
other  desalination  systems  but  are  more  costly  and  their 
studies  integrated  with  solar  energy  is  much  limited. 

•  For  large  capacity  plants  solar  based  humidification-dehumi- 
dification  requires  large  number  of  stages  for  efficient  opera¬ 
tion  which  increases  cost  of  the  system  hence  this  system  is 
suitable  for  low  capacity  decentralized  mode  of  operation. 

•  RO  plants  are  much  developed  and  could  be  easily  coupled 
with  PV  panels.  But  to  make  the  system  more  attractive  much 
research  must  be  dedicated  to  the  development  of  long  life 
membranes  which  would  reduce  the  maintenance  cost  and 
water  production  cost. 

•  Solar  organic  Rankine  cycle  powered  RO  systems  are  more 
efficient  than  solar  powered  MED  systems  and  are  also  suitable 
for  large  scale  stand  alone  operation.  However,  safety  related 
issues  must  be  studied. 

•  MD  and  FO  desalination  systems  can  be  operated  by  waste  heat 
or  solar  thermal  energy  and  can  be  used  in  combination  with 
other  desalination  technologies  to  treat  the  discarded  brine. 
Development  of  efficient  membranes  and  draw  solutions  for  FO 
is  still  a  big  challenge. 

•  Use  of  corrosion  free  alloy  materials  can  increase  the  life  of 
desalination  unit  and  can  reduce  the  maintenance  and  water 
production  cost. 

•  Rejected  brine  can  be  utilized  for  aquaculture  and  irrigation  of 
salt  tolerant  crops  after  reducing  their  salinity  by  blending 
them  with  feed  water. 

5.  Conclusion 

Solar  energy  driven  desalination  units  can  cut  off  carbon  emissions 
and  can  provide  desalinated  water  in  a  sustainable  way  with  minimal 
impacts  on  environment  and  are  highly  suitable  for  remote  and  rural 
areas  where  provision  for  power  supply  and  fresh  water  pipe  lines  are 
not  possible.  Currently,  solar  based  desalination  units  are  treating  only 
brackish  or  saline  water  hence  more  research  is  needed  on  treatment 
of  waste  water  using  these  units  thereby  considerable  exploitation  of 
ground  water  can  be  stopped.  Identification  and  development  of  novel 
corrosion  free  materials  and  long  life  membranes  are  needed  for 
enhanced  and  reliable  operation  of  these  units.  Brine  disposal  is  a  big 
problem  in  every  desalination  industry  hence  proper  ways  to  extract 
minerals  from  brine  and  reuse  of  brine  for  aquaculture  and  irrigation 
needs  to  be  practiced.  Solar  energy  has  the  capability  to  make 
desalination  industry  greener  and  any  development  in  solar  thermal 
collectors  and  PV  panels  will  be  more  beneficial  to  desalination 
industries. 
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